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Electrospinning, a technology capable of producing nanofibers, has recently emerged 
as a new scaffold fabrication technique for making biomimetic scaffolds in the 
research community of tissue engineering. Traditional biodegradable synthetic 
polymers such as PLA, PLGA and PCL polyesters have been electrospun and widely 
used for various tissue engineering applications. However, two of the inherent 
problems, i.e., poor cellular affinity and poor hydrophilicity, would prohibit them 
from being bioactive and effective in cell-seeding and subsequent other biological 
activities of the cells. This would compromise the efficiency of using nanofibers as 
biomimetic scaffolds. To address these problems, we proposed to develop composite 
nanofibers by introducing bioactive and hydrophilic natural biopolymers into 
synthetic sourced polymers through electrospinning.   
 
In this study, with the successful electrospinning of gelatin, the first type of 
composite Gt/PCL nanofibers was fabricated from electrospinning blends of Gelatin 
and PCL. Compared to the synthetic PCL nanofibers, it was found that such 
randomly blended Gt/PCL nanofibers became hydrophilic and had improved 
mechanical properties. Biologically, the Gt/PCL scaffolds supported the cellular 
growth very favorably and encouraged cellular ingrowth. These favorable results can 
be attributed to the materials hybridization effect. Moreover, we carried out a 
leaching experiment on the Gt/PCL to form 3-D porous fibers so as to explain the 
positive role of progressively generating extra spaces in facilitating the cellular 
Summary 
 xvii
infiltration inside the nanofibrous scaffolds.    
 
Another type of composite nanofibers developed is in the form of core-sheath 
structure through a novel coaxial electrospinning technique. Firstly, we investigated 
the coaxial electrospinning process by using two sets of solutions, viz shell spinnable 
versus core spinnable and shell spinable versus core non-spinnable. Secondly, on the 
basis of the process study, we successfully fabricated core-sheath composite 
nanofibers of collagen-r-PCL (denotes collagen as sheath and PCL as core). It was 
found that collagen-r-PCL had remarkably favored the proliferation of the human 
dermal fibroblasts, and similarly encouraged cellular ingrowth. Lastly, to 
demonstrate the functionality of the core-sheath nanofibers, bovine serum albumin 
was encapsulated inside the PCL nanofibers and the feasibility of using core-sheath 
composite nanofibers for sustained release of proteins was investigated.  
 
To conclude, two different composite nanofibers in the form of random blending 
(e.g., Gt/PCL) and core-sheath structure (e.g., collagen-r-PCL) had been successfully 
fabricated via the electrospinning process. The physical, mechanical, chemical and 
biological characterization illustrated their better hydrophilicity and cellular affinity 
than that of the synthetic counterpart, and suggested the applicability of these 
nanofibers as scaffolding elements for engineering tissues. The co-electrospinning of 
natural and synthetic polymers demonstrated here will provide a facile and effective 
approach for making other bioactive and functional nanofibrous structures, and 
ultimately fulfill the success of using nanofibers as cellular scaffolds for tissue 











1.1 Background  
 
Electrospinning, which is an ultrafine fiber manufacturing technology, was coined in 
1990’s from the earlier used term of “electrostatic spinning”. It has now attracted 
increasing attention in both the academic and industrial communities [1-4]. 
Electrospinning is capable of fabricating fibers with nanometer range diameters, 
which yields very high specific surface areas -- up to one to two orders of magnitude 
higher than current mirofibers produced from conventional melting and dry/wet 
spinning methods. Electrospun nanofibers are therefore very useful for developing a 
variety of products or structures whose functions are dependent on surface area.  
 
Among those potential applications, one of the most promising uses is for 
developing nanofibrous cellular scaffolds for tissue engineering. The underlying 
rationale of using nanofibers for scaffolding is based on the biomimetic1 principle 
                                                        
1 Refers to an artificial material or structure that mimics a biological material/structure/function. 
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that electrospun nanofibers can mimic the physical structure of the native 
extracellular matrix (ECM). This is because from the biological viewpoint, almost all 
of the tissues and organs, such as bone, skin, tendon and cartilage, are synthesized 
and hierarchically organized into fibrous form (structure) with fiber dimensions 
down to nanometer scale [5, 6]. Nanofibrous scaffold can therefore provide 
environmental or physical cues to cells and promote cell growth and function well 
towards the synthesis of genuine extracellular matrices over time [7].  
 
As a result, electrospinning has emerged as a new scaffold fabrication method. 
However, despite the increased interest in electrospinning for the past decade, usage 
of electrospun nanofibers for tissue engineering has a relatively short history of 3-5 
years [8-10]. Both the nanofiber scaffolding technology and molecular level 
understanding of the interactions between nanofibrous scaffolds and living cells are 
still in their early developmental stages. With respect to the nanofibrous scaffold, 
synthetic aliphatic polyesters such as PLA, PGA, PLGA, and PCL, which have been 
conventionally and widely used for engineering a variety of tissues and have good 
processability in forming nanofibers through electrospinning, are still the preferred 
and prevailing choices of materials in constructing nanofibrous scaffolds. Obviously, 
in the context of biomimicking, nanoscale fibers of synthetic polymers can replicate 
physical dimensions and morphology of the building elements in the native ECM. 
Yet, two persistent problems will limit the synthetic polymer nanofibers for effective 
applications: 1) unlike natural biopolymers, the pristine synthetic polymers still lack 
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cell recognition sites on the scaffold surfaces and that can mean poor cell affinity 
[11-13]; 2) the aggravated hydrophobicity due to their inherent hydrophobic 
attributes [14, 15] and nanoscale effect [16, 17] will further affect cell 
seeding/adhesion on the nanofibrous scaffolds and subsequent cellular activities. It 
has been well known that interfacial/materials chemistry and hydrophilicity are the 
critically important factors to determine interactions between biomaterials (scaffolds) 
and cells. For example, tissue culture grade polystyrene (TCP) is normally treated by 
oxygenated gas plasma to create a more hydrophilic oxidized polymer surface and 
provides a surface chemistry that can absorb sufficient amounts of trace ECM 
proteins from serum-supplemented media in order to promote cell attachement and 
growth [18].  
 
To address the above problems, we propose to develop composite nanofibers2 by 
introducing bioactive and hydrophilic natural biomacromolecules (e.g., collagen or 
gelatin) into the syntethic polymers via electrospinning. Whilst traditional surface 
chemical modification approach on the synthetic polymers can be applied to 
nanofibers, materials hybridization at nanoscale would offer a more cost-effective 
                                                        
2 In this study we define a composite fiber refers to a fiber whose materials are compounded from one synthetic 
sourced polymer and one natural sourced polymer. Unlike traditional engineering composites where the 
inorganic component/material (such as fibers) is used to reinforce the matrix material, the natural polymer used 
here is to impart bioactivity to the biologically passive synthetic polymer.  
With regard to the bioactivity mentioned, it usually refers to a material or structure that would have positive 
effect on the living cells in vitro and/or in vivo, due to it containing certain bioactive substances such as proteins 
(e.g., growth factors, collagens). The bioactive substances can be physically (e.g., blending) or chemically (e.g., 
by covalently immobilization) incorporated into the material. In this study, we define a nanofiber being bioactive 




way for modifying and tailoring the material properties. Depending on the 
application, our biomimetic composite nanofibers can be designed in the form of 
either randomly blended or in an ordered structure e.g., core-sheath from the 
available synthetic and natural polymers. The conceivable merits of such composite 
nanofibers will be as follows: 
 
1) Physically, the new composite nanofibers can provide better hydrophilicity 
(wettability), and improved mechanical properties, etc.;  
 
2) Biologically, the incorporation of bioactive macromolecules (e.g., 
collagenous proteins or growth factors) into the whole biomaterials can promote 
cell-surface recognition and also promote or control many aspects of cell 
physiology, such as adhesion, spreading, activation, migration, proliferation and 
differentiation [19]. Due to the size of the nanofibers, such effects are also 
magnified or more effective because of availability of high surface area to 
cellular access; and  
  
3) As controlled and sustained delivery of growth factors are also indispensable 
elements to be performed for successful tissue engineering [20, 21], the 
biomimetic composite nanofibers, in particular, core-sheath structure could 
perform effective and controlled delivery of bioactive molecules purely from the 






The overall objective of this project is to develop composite nanofibers that are 
biomimetic and bioactive and accordingly promote cell-scaffold interactions while 
being used as scaffolds for engineering tissues. The approach proposed involves 
compounding (hybridizing) two different polymers, both of which are biocompatible 
and biodegradable, but one of synthetic and the other of natural origin. They are 
incorporated into one composite nanofiber from random blending or forming into a 
core-sheath structure via an advanced electrospinning technique. 
 
Arising from the above objective, biopolymer gelatin (or collagen) and synthetic 
PCL are selected as our representative model polymers from the natural and 
synthetic sources, respectively to perform the following scope of work: 
1) To develop a means to electrospin biopolymer of gelatin3 into nanofibers, 
and have the resultant nanofibers crosslinked. This is to make the generated 
gelatin nanofibers a practical nanofiber material as useful as its counterpart 
forms such as films, large-diameter fibers and microspheres, and to provide 
feasibility for subsequent fabrication of Gt/PCL composite nanofibers.   
2) To fabricate Gt/PCL composite nanofibers, and characterize their physical 
and mechanical properties of the resultant composite nanofibrous structure. 
                                                        
3 Biopolymers usually have poor processability, gelatin, as a natural biopolymer, has not been electrospun into 
nanofibers, therefore, successful electrospinning of this biopolymer not only has its industrial significance, but 
also facilitates the subsequent fabrications of Gelatin/PCL blend nanofibers. 
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Basic in vitro cell culture study in terms of cellular proliferation and 
morphology will be carried out to demonstrate the efficacy of using the 
developed biomimetic composite nanofibers as cellular scaffolds with the less 
bioactive synthetic PCL nanofibrous scaffolds as negative control.  
3) For the effective delivery of bioactive agents (e.g., growth factors) from 
cellular scaffolds, core-sheath type composite nanofibers that can potentially 
preserve them from denaturation and suppress burst release are to be further 
explored and developed.  
 
1.3 Scope of the thesis 
 
The whole thesis is composed of 6 Chapters and organized as follows. Chapter 1 
gives an introduction of the research background/rationale, objectives, and scope of 
this project. Chapter 2 is a literature review on the electrospinning technology, 
scaffold technology for tissue engineering, a survey of the prior arts of materials 
hybridization for scaffold fabrications, and the state of the art of electrospun 
nanofibers as scaffolds for engineering tissues. Chapter 3 is on electrospinning of 
gelatin nanofibers. Chapter 4 is on the fabrication of composite nanofibers using a 
random polymers-blending or hybridization approach. Chapter 5 is on the coaxial 
electrospinning to develop core-sheath structured composite nanofibers. Chapter 6 









In the past decade, several fabrication techniques such as electrospinning [2-4], 
melt-blown [22, 23], phase separation [24, 25], self-assembly [26-28], and template 
synthesis [16, 29] have been developed to fabricate polymeric nanofibers. Among 
them, electrospinning is by far the most popular technique to use because this 
method is simple, cost-effective, capable of producing continuous nanofibers of 
various materials ranging from polymers to ceramics, and scalable for industrial 
level manufacturing and applications.  
 
2.1.1 Principle and mechanism 
Historically, electrospinning process as a manufacturing technology for fiber 
spinning has been known for more than 70 years [1]. A very basic laboratory setup 
for electrospinning mainly consists of four components as schematically shown in 
Figure 2.1: 
1) Spinning dope feeding pump (e.g., a syringe pump); 
2) A spinneret system (e.g., a metallic needle mounted to a syringe); 
3) A high-voltage power generator to supply several to tens kilovolts potential 
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to charge the spinning dope, and 












Figure 2.1 Schematic of a basic laboratory setup for electrospinning, and a 
representative SEM image showing randomly arrayed nanofibers produced 
 
In a typical electrospinning process, when a high voltage is applied from few to tens 
of kilovolts (depending on the electrospinnability of polymeric solutions or melts), 
an electrical field is simultaneously induced between the spinneret and collecting 
device. The ball-shape drop pendent on the nozzle exit is then deformed, as a 
consequence of the force interactions between the coulombic force (exerted by the 










(0 - 30 kV)
Nozzle 
Spinneret
SEM image of electrospun nanofiber 
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shape which was commonly termed as the Taylor Cone [30]. When the electric field 
strength is increased to a threshold value, the electrostatic forces overcome the 
surface tension, resulting in an ejection of a polymer liquid jet. This jet is then 
subjected to an extremely high ratio of stretching and rapid evaporation of solvents, 
leading to the formation of nano-/micro- meter sized fibers on the collecting device.  
 
The mechanism of forming nanoscale polymeric fibers with electrospinning has 
recently been identified as a result of the bending instability [31] or whipping [32, 33] 
of the charged jet, which was previously described phenomenally as splitting or 
splaying [2, 34]. To date, with the electrospinning process, more than 100 different 
types of materials have been electrospun into ultrafine fibers with diameters ranging 
from a few nanometers to tens of micrometers [2, 3, 35]. 
 
2.1.2 Controlling the electrospinning process 
Controlling the electrospinning process involves two aspects -- the processing 
variables which govern the resultant fiber morphology (e.g., shape, size, distribution, 
defects, etc.), and the techniques to make arrayed nanofiber assembly. 
 
2.1.2.1 Processing variables  
Many variables may influence the electrospinnability of a polymer fluid and the 
resultant fiber morphology. These variables can be generally classified into the 
following three types: 
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1) The spinning dope properties, such as viscosity and/or concentrations, 
conductivity, surface tension, solvent properties, etc.;  
2) The operation variables, which mainly include the applied electrical field 
strength, solution feeding rate, gap distance between spinneret orifice and the 
collection device; and 
3) The ambient conditions, for instance, temperature, humidity, electro-magnetic 
field interferences, and air-flow. 
 
A summary of the three types of variables has been provided elsewhere [36].  
 
2.1.2.2 Arrayed nanofiber assembly 
Electrospinning process usually results in nanofibers deposited randomly in a 
nonwoven form. Control of the process will then involve forming arrayed nanofiber 
assemblies such as aligned nanofiber strands or anisotropic nanofibrous membranes. 
This has recently been achieved by modifying certain components in the basic setup, 
especially on the collecting device. Earlier on, we have given a comprehensive 
review on various techniques developed for preparing aligned nanofibers [3]. Here, 
only two of them which have been widely recognized and used will be highlighted. 
Both are based on a strategy of controlling the macroscopic electric field by 










   
                       (a)                              (b) 
Figure 2.2 (a) A setup used to collect uni-axial nanofiber strands [37], (b) aligned 
PCL nanofibers thus obtained [38]. 
 
Using a high speed rotating cylinder as the collecting device for making aligned 
nanofibers can be achieved only to some extent [39, 40]. Significant improvement in 
nanofibers alignment was made by Theron et al., who described a modified and 
enhanced way to deposit and align nanofibers on a tapered and grounded wheel-like 
bobbin as shown in Figure 2.2a [37]. Both the tip-like edge, which can substantially 
concentrate the electrical field, and the high speed rotation are responsible for the 
good alignment behavior. The limitation of this technique is the obtainable nanofiber 




z Using a frame collector 
 
 
Figure 2.3 Paralleled array of carbon nanofibers (A) [41] and stacked alignment 
structure from electrospun poly(vinyl pyrrolidone) (PVP) (B, C) [42]. 
 
This technique has been reported by several research groups [3, 41-45]. The 
common “gadget” is simply to use a conductive frame or strips as the counter 
electrode separated from micrometers to several centimeters. The capability of 
obtaining better alignment of electrospun nanofibers was particularly well 
demonstrated by Li et al. [41, 42]. For example, apart from paralleled array, stacked 
layers with different alignment directions can also be achieved by configuring the 
placement of strips (Figure 2.3). The achievement of such alignments was attributed 




aligned nanofibrous membranes over a large area, instead of a strand of nanofibers 
from the previous technique. It also provides a convenient means to collect single 
nanofibers for nanofiber characterization [38, 44]. Further, larger area of nanofibers 
can be collected by rotating a multi-frame cylindrical structure [3, 45, 46].  
 
2.1.3 Applications of nanofibers 
Electrospun polymeric nanofibers possess inherent advantages of very high specific 
surface area (i.e., surface area over mass) and good structural integration ability. 
They can be easily manufactured into 2-D and 3-D structures for any surface area 
concerned applications such as in the field of biomedical engineering, filtration and 
separation, high performance nanocomposites, sensors, and other functional 
electrical, optical and catalytic technologies [3, 4, 47]. 
    
For the biomedical related applications, polymer nanofibers have been utilized for 
engineering tissues such as cartilages [8, 10, 48], bones [49], arterial blood vessels 
[50-53], heart [54], nerves [24, 55], etc. In addition, they have also been intended as 
dressings for protection of wound to expedite healing [56-58]. Another potential use is 
for controlled release [59-61], which can be coupled to work together while 
developing tissue engineering scaffolds (or nanofibrous dressings). 
 
2.2 Scaffolds technology 
Tissue engineering is an interdisciplinary approach to repair faulty and regenerate 
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new human tissues by using the knowledge of bioengineering, life sciences and 
clinical sciences so as to provide an alternative solution for the problems of donor 
shortage and permanent immunosuppressive medication encountered in traditional 
organ transplantations [62]. Tissue engineering usually involves three elements: 
scaffold, cells, and growth factors (Figure 2.4). In a typical research procedure, 
donor tissue is harvested from the patient and dissociated into individual cells using 
enzymes. The populated cells are then seeded in vitro onto a porous scaffold in a cell 
culture medium to form functional cell-scaffold constructs. The diseased or damaged 
tissue is removed and the cell-scaffold constructs are then implanted in the patient. 
Over time, the synthetic scaffold degrades and resorbs into the body and the cells 








Figure 2.4 Principle of tissue engineering  
(from http://www.clemson.edu/agbioeng/bio/jackson.htm) 
 
Almost all living normal cells are of the anchoring type -- they will die without a 




organization, and function to form new tissue [12]. Therefore, the scaffolds play a 
pivotal role in tissue engineering. Even those soluble signals such as growth factors 
and cytokines are highly dependent on the surrounding elements of ECM/scaffolds. 
Thus, tissue engineering is to a large extent relied on the scaffolds technology [64]. 
Since the major goal of developing scaffold is to render it to play the role of the 
native ECM, an in-depth understanding of the ECM may be beneficial for the 
biomimetic design of scaffolds.   
 
2.2.1 Extracellular matrix 
Tissues are assemblies of one or more types of cells and their associated intercellular 
materials called the extracellular matrix. For plants, the ECM refers to the cellulose, 
and the chitin for arthropods and fungi. For vertebrate animals, the ECM is made of 
a complex mixture of proteins and carbohydrates, which are produced and 
maintained by the cells embedded in the network. 
 
2.2.1.1 Constituents of the ECM 
The extracellular matrix is composed of three major classes of biomolecules or 
substances. The first class is the fibrous structural proteins, such as collagen and 
elastin, which can provide strength and resilience to the tissue. The second class is 
the specialized proteins, e.g., fibronectin, laminin, and growth factors. Fibronectin 
and laminin belong to the adhesion proteins and are also in the fibrous form. They 
have specific binding sites either for other components of ECM or for receptors on 
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the cell surface. Growth factors are another type of important specialized proteins 
existed in a non-fibrous form. They can regulate cellular proliferation and/or 
differentiation, and stimulate cells to alter the production of ECM components. On 
the other hand, in a number of cases, these growth factors need to bind to specific 
ECM components and this leads to their localization to specific areas in the ECM 
which consequently affects the biological activity of growth factors. The third class 
is proteoglycans such as chondroitin sulfate, heparan sulfate, hyaluronic acid, etc. 
They are molecules that contain carbohydrate structures called glycosaminoglycans 
(GAGs) covalently attached to the protein core. Since proteoglycans are highly 
negatively charged with plentiful sulfate or carboxyl groups in GAGs chains, they 
possess certain biophysical functions (e.g., combine water to form hydrogels for 
lubricating and withstand compressive forces) and biochemical functions (e.g., 
binding growth factors and cytokines).  
 
Previously the ECM was simply thought to serve mainly as a relatively passive 
substrate to give cells a physical support and stabilize the tissue structure. Recently, 
it has been realized that the ECM plays a far more active and complicated role in 
regulating the behavior of cells. ECM proteins interact directly with cell surface 
receptors. The extracellular matrix also controls the activity and presentation of a 
wide range of growth factors. Thus engineering of tissue scaffolds, by imitating the 
structure and activity of the ECM, has profound effects on the function and the 
consequent behaviour of cells residing on or within it, which accordingly determine 
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the tissue regeneration process and function. As the most abundant component in the 
ECM is the fibrous collagen (it has been estimated that collagen comprises about 
30% of the total organic matter in mammals and more than 90% of the extracellular 
protein in the tendon and bone and more than 50% in the skin [65]), the first attempt 
at biomimicking is to engineer scaffolds consisting of fibrous collagen-like materials 
and structure. This is also the strategy adopted in this project for making our 
biomimetic and bioactive nanofibers. It therefore calls for an understanding of the 
structure of the native fibrous collagens. 
  







Figure 2.5 The hierarchical structure of collagen fiber (adapted from 
http://home.earthlink.net/~dayvdanls/IHP2.html) 
The term collagen is usually applied generically and may describe individual 
molecules, a native fibril, or aggregated bulk material of collagen. There are at least 
20 genetically distinct collagens in the collagen family where type I (skin, tendon 
and bone), type II (cartilage) and type III (skin and vasculature) constitute the major 
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fibril forming collagens of different fibrillar tissue architecture. As for the collagen 
fiber, if we travel down the level of details, its structure is found to be quite 
hierarchical and complex. Shown in Figure 2.5, a collagenous fiber is found to be a 
bundle of many macrofibrils. Each macrofibrili in turn is a bundle of numerous 
microfibrils. The microfibril is composed of many tropocollagen helices and each of 
these helices is consisted of three polypeptide chains twisted together.  
In terms of chemical structure, collagen can be regarded as an ultra-architecture – it 
contains at least four levels of structures to form fibril (fibers)4 (Figure 2.6). 
Formation of fibrous collagen is essentially a lateral assembly process with the triple 
helix (300 nm long, 1.5 nm wide) as the basic unit. The packing of collagen is done 
such that adjacent molecules are displaced approximately 1/4 of their length (67 nm). 
This staggered array produces a striated effect (i.e., characteristic periodicity of 
approximately 67 nm banding) as can be seen under an electron microscope (Figure 
2.7). Depending on the tissue, collagen fibrils (or fibers) are arranged with different 
suprafibrillar architectures and diameters ranging from a few nm to ~500 nm [66, 
67]. Similarly, they can be arranged in elaborate three-dimensional (3-D) arrays, 
such as parallel bundles (e.g. in tendons and ligaments), orthogonal lattices (e.g. in 
the cornea), and concentric weaves (e.g. in bone) [66]. The packed collagen 
molecules are stabilized by covalent aldol cross-links between lysine or 
hydroxylysine residues at the C-terminus of one collagen molecule and the 
                                                        
4 In describing the hierarchy of arrangement of collagen structure, the terms fiber and fibril are 
sometimes loosely interchanged. 
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N-terminus of an adjacent one, which makes the collagen fibers strengthened and 




Figure 2.6 Chemical structure of collagen type I. (a) Primary amino acid sequence – 
typically the repeating sequence is (Gly-X-Y)n where X is frequently proline and Y 
is frequently hydroxyproline, (b) Secondary left handed helix and tertiary right 
handed triple-helix structure and (c) Staggered quaternary structure [68]. 
 
Besides providing structural and mechanical support, it is known that collagen also 
controls cell adhesion, shape, differentiation, migration, and the synthesis of a 
number of proteins. The collagen fibrous mesh therefore provides the blueprint and 
the road map for the cells in vivo. Since collagen fibers are a major component of the 
ECM, it would be useful to mimic the ECM by imitating the collagen structure, at 
least dimensionally and morphologically, in the design and fabrication of an artificial 











Figure 2.7 Electron microphotographs showing the regular periodicity feature of 
collagen nanofibers (from http://courses.cm.utexas.edu/jrobertus/ch339k/overheads-1/ch6_collagen.jpg 
http://www.imagecontent.com/lucis/applications/bio/tem1/side/collagen-1-2005.jpg) 
 
2.2.2 Scaffold materials 
Materials used for scaffold construction define the surface properties of the scaffold 
and determine the interation with proteins and cells. They also determine the 
mechanical properties of the 3-D structure and subsequently that of the cell-scaffold 
construct. Biodegradable polymers make up by far the broadest and most diverse 
class of biomaterials for scaffold construction. Generally, they can be divided into 
two categories, i.e., synthetic and natural polymers (Table 2.1). There are many 
known polymeric materials; here we choose to briefly review those most commonly 
used synthetic aliphatic polyesters and the ones relevant to this project (see sections 





Table 2.1 A partial list of polymers utilizable for construction of scaffolds 






Protein-based collagen/gelatin, elastin, silk, fibronectin Natural 
Polysaccharide-based chitin/chitosan, dextran, starch 
 
2.2.2.1 Synthetic aliphatic polyesters 
Biodegradable aliphatic polyesters of poly(glycolic acid) (PGA), poly(L-lactic acid) 
(PLLA), poly(lactic-co-glycolic acid) (PLGA) copolymer, and poly(ε-caprolactone) 
(PCL) are the US Food and Drug Administration approved and widely used 
polymers for tissue engineering. Although they can be synthesized through different 
routes, the common feature is that their chemical structures contain the ester bonds 
(-COO-) as shown in (Figure 2.8).  
 
PGA is the simplest linear aliphatic polyester. It is highly crystalline (45-55%) with a 
high melting point of around 225°C and a glass transition temperature of 35-40°C. 
PGA has been used to develop synthetic absorbable suture such as DEXON®. 
Because of its high degree of crystallization, it is not soluble in most organic 
solvents, except for those highly fluorinated alcohols such as hexafluoroisopropanol. 
Sutures of PGA lose about 50% of their strength after two weeks and 100% at four 


























Poly(   caprolactone) (PCL)ε−  
Figure 2.8 Chemical structures of some most commonly used aliphatic polyesters 
 
PLA exists in two stereo forms, signified by a D or L for dextrorotatory or 
levorotatory, or by DL for the racemic mix. The homopolymer of PLLA is a 
semicrystalline polymer. Like PGA, PLLA exhibits high tensile strength/modulus 
and low elongation suitable for applications in orthopedic fixation and sutures. 
PDLLA is an amorphous polymer having a random distribution of both isomeric 
forms of lactic acid and accordingly is unable to be arranged into a crystalline 
organized structure. Lower tensile strength, higher elongation, and much more rapid 
degradation time make it more attractive as a drug delivery system. PLLA is about 
37% crystalline with a melting point of 173-178°C and a glass transition temperature 
of 60-65°C. The degradation time of PLLA is much slower than that of PDLLA 
requiring 12-16 months to degrade. It requires greater than two years to be 




PLGA is a copolymer synthesized from monomers used in synthesizing PLA and 
PGA. Copolymers of glycolide with both L-lactide and DL-lactide have been 
developed to accelerate degradation for both medical devices and drug-delivery 
applications. However, there is no linear relationship between the copolymer 
composition and the mechanical and degradation properties of the materials (Figure 
2.9). For example, a copolymer of 50% glycolide and 50% DL-lactide degrades 
faster than either homopolymer [69].  
 
Figure 2.9 Half-life of PLA and PGA homopolymer and copolymers implanted in rat 
tissue [69-71]. 
 
PCL is a semicrystalline polymer with a melting point of about 60°C and a glass 
transition temperature of -60°C, which gives the polymer a rubbery behavior at room 
temperature and, as a consequence, good permeability to low molecular weight drugs 
in delivery systems. The homopolymer has a degradation time of the order of two 
years due to its hydrophobic and semicrystalline nature [72]. As a summary, Table 
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2.2 gives the physical, mechanical, and degradation properties of the above 
discussed polyesters. 
Table 2.2 Physical, mechanical, and degradation properties of selected 
biodegradable polymers (data adapted from [71]) 





PGA 225-230 35-40 7.0 15-20 6-12 
PLLA 173-178 60-65 2.7 5-10 >24 
PDLLA amorphous 55-60 1.9 3-10 12-16 
PCL 58-63 -65 to -60 0.4 300-500 >24 
PLGA 85/15 amorphous 50-55 2.0 3-10 5-6 
PLGA 75/25 amorphous 50-55 2.0 3-10 4-5 
PLGA 65/35 amorphous 45-50 2.0 3-10 3-4 
PLGA 50/50 amorphous 45-50 2.0 3-10 1-2 
 
2.2.2.2 Natural biopolymer of collagen-derived gelatin 
Collagen is one of the most commonly used biopolymers from the natural source. In 
all industrial processes for the preparation of collagen dispersions, attempts have to be 
made to minimize the degradation of collagen molecules. This consequently incurs 
high cost. It is also known that collagen can express antigenicity in physiological 
condition. Comparatively, gelatin, the water-soluble proteinaceous substance derived 
from collagens has no such problems. In price, even the purified medical-grade 
gelatin is much cheaper than the collagen and can replace collagen in cases where the 
required mechanical properties are moderate. Gelatin has been derived and prepared 
from the collagen on a large commercial scale, and widely used in the chemical, food, 




Structurally, the collagen to gelatin transition is a process whereby the highly 
organized, quasi-crystalline, water-insoluble collagen fiber is transformed from an 
infinite, asymmetric network of linked tropocollagen units to a system of 
water-soluble, independent molecules with a much lower degree of internal order. In 
aqueous solutions at sufficiently high temperature the peptide chains take up random 
configurations, which is analogous to the behavior of synthetic linear-chain polymers. 
This makes gelatin a unique protein among others. Moreover, the gelatin molecule is a 
polyampholyte polymer because the acidic and basic functional groups of the amino 
acid side chains can confer such polyelectrolyte characteristics on the random gelatin 
chain. Although the procedures used for collagen to gelatin transition involve the 
destruction of the secondary and tertiary structure of the collagen, it has been pointed 
out that the amino compositions of gelatins are quite similar with their parent proteins 
of collagens. Therefore, gelatin to some extent is a good substitute for the collagens. 
 
There are two types of gelatins: A and B. Type A gelatin usually refers to the protein 
converted from pig skin through an acid process; while type B gelatin is formed 
from an alkali process with the original collagenous materials harvested from bone, 
tendon, etc. As gelatin is easily dissolved in water, they can be easily prepared in the 
form of sponges or films. Larger size gelatin fibers can also be made through 
conventional fiber spinning technologies. However certain additives have to be 
added in order to improve its fiber forming ability. Gelatin has not shown 
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antigenicity, and after fulfilling the task of temporary replacement it absorbs 
completely.   
 
2.2.3 Scaffolds fabrication 
 
 
Figure 2.10 Tissue engineering scaffolds fabricated by a) fiber-bonding [73]; b) 
particulate leaching [74]; c) foaming [75]; d) freeze-drying [73]; e) 3-D printing [76]; 
and f) knitted textile [77]. 
 
For engineering a tissue, a porous scaffold is needed. Numerous techniques as 
reviewed in many literatures [76, 78, 79] have been used for making porous 
scaffolds as illustrated in Figure 2.10. Although these techniques can be used for 
tissue scaffolds fabrication, from the biomimetic viewpoint as discussed in section 
2.2.1, neither of them can make nanofiber based structure. As a comparison, one can 
see that a nonwoven nanofibrous scaffold and cell morphology (Figure 2.11a) are 








promising candidate to imitate the natural ECM fiber. In such a way, to cells, unlike 
conventional bulk non-fiber form porous scaffolds, nanofibers are dimensionally 
small and mechanically matched ‘weak’. Nanofibrous artificial scaffolds would be 
more effective for cells to remodel the cell-scaffold system toward better integrity 
and final regeneration of genuine ECM over time of the material degradation. On the 
other hand, the nanosize effect which can regulate cell adhesion, proliferation, shape, 
and function has been reported by many researchers [80, 81]. Therefore, it is 
believed the nanofibrous scaffolds can provide enhanced topographic cues for 
interaction of cells with the artificial biomaterials.   
 
   
Figure 2.11 SEM of fibroblasts in an engineered nanofibrous ECM (a), and a native 
connective tissue (b). The tissue in (b) is from the cornea of a rat. The extracellular 
matrix surrounding the fibroblasts is composed largely of collagen fibrils (there are 
no elastic fibers in the cornea). The glycoproteins, glycosaminoglycans, and 
proteoglycans, which normally form a hydrated gel filling the interstices of the 
fibrous network, have been removed by enzyme and acid treatment [5].  
 




has emerged as a new addition to the scaffold fabrication family for making new 
biomimetic scaffolds. Advantages of using electrospinning to prepare tissue scaffolds 
are as follows: 1) it is capable of producing ultra-thin fibers with diameters ranging 
from several micrometers down to a few nanometers, which are able to dimentionally 
mimic the native collagen fibers in the ECM; and 2) it is versatile in a sense that 
various monopolymers, blends of polymers, and compositions of polymers with other 
materials or additives such as inorganics, growth factors, other cell regulatory 
biomolecules, and even living cells can be used to develop functionally active 
nanofibrous structures. The scaffolds thus produced provide a highly porous 
microstructure with interconnected ‘pores’ and extremely large surface area to volume 
ratio which is conducive to tissue development. 
 
2.2.4 General standards in scaffold design 
An ideal scaffold should be able to maximally mimic the native ECM, which should 
be the gold standard in scaffold design. Over the past few years of advancement 
made in tissue engineering, it has been generally established that proper scaffold 
should be a synergy of bioactivity materials and fabrication technologies necessary 
to meet the following requirements [76, 78, 82, 83]: 
1) High surface area and highly porous with interconnected pores to provide more 
accessible surfaces for cell-scaffold interaction, and easy transport of nutrients 
and metabolic waste for cells/tissue ingrowth; 
2) Biocompatibility and biodegradablility at a controllable rate to match the tissue 
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formation in a spatial and temporal fashion; 
3) Material chemistry in bulk or at least at surface level showing bioactivity for 
cellular attachment, proliferation, differentiation and secretion of the proper 
ratios of the ECM molecules; 
4) Matched mechanical properties at the site of implantation; 
5) Better processability in forming different shapes and dimensions; and 
6) Drug release capability to regulate cellular bioactivities.    
 
2.3 The prior art of materials hybridization for scaffolding applications 
The rationale of materials hybridization (or compounding) is to combine respective 
advantages and overcome shortcomings of the aforementioned two classes of 
biodegradable polymers (i.e., the synthetic and the natural). Comparatively, the 
synthetic polymers are of advantages in terms of their excellent shaping/processing 
ability, high mechanical properties, adjustable degradation rate, and low production 
costs. However, they have poor hydrophilicity and have no cell recognition sites on 
their surfaces [12, 13]. This can consequently leads to poor efficiency in cell seeding 
and mass transportation, and poor cell affinity. On the contrary, the natural polymers, 
such as collagens, have the merits of good hydrophilicity and specific cell interactions 
since they usually contain domains that can send important signals to guide the cells 
at various stages of development. Natural polymers are therefore better tolerated by 
the human body than synthetic polymers. But, as they are isolated from human or 
animal tissues, they are typically not available in large quantities and suffer from 
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batch-to-batch variations. In addition, they are not as malleable as the synthetic 
polymers, and their mechanical strength are also usually poor. Obviously, the two 
types of biodegradable polymers are mutually complementary in view of their 
respective attributes.  
 
Hybridization of both the synthetic and the natural polymers to create novel 
composite materials would be able to combine the advantages of the two types of 
polymers for generating desired biological and physicochemical characteristics of 
scaffolds. Polymeric composite materials prepared based on this concept was 
previously proposed as a new type of biomaterials and termed as bioartificial 
polymeric materials (BPM) by the research group at the University of Pisa [84]. They 
have done intensive investigations on the physicochemical and mechanical properties 
of the formed BPM based on either natural proteinaceous macromolecules such as 
collagen [85-87], or polysaccharides (e.g., dextran, chitosan, starch, gellan) which 
have been reviewed recently [88]. However, cellular responses in vitro and in vivo 
were rarely reported in their work.  
       
Using a similar concept, Chen et al. developed a hybridization technique by 
introducing collagen microsponges into the pores of synthetic polymer sponges [14, 
89] (fabricated by particulate-leaching method) or the interstices of knitted/braided 
fiber meshes (Figure 2.12) [90, 91]. It was found that the hybridization had greatly 
improved the wettability of synthetic sponges and facilitated cell seeding. The hybrid 
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sponges also possessed almost the same high degree of mechanical strength as those 
of synthetic polymers, which is much higher than that of collagen sponges alone. 
Fibroblast cells adhered, proliferated well and secreted their extracellular matrices 
with culture time. Towards ligament regeneration, PLLA-collagen hybrids were 
evaluated both in vitro and in vivo and were found to facilitate cell seeding and spatial 
cell distribution, as well as to promote cell immigration and neo-angigenesis [91]. 
These results suggested the hybrid sponges had a good degree of cell interaction and 
biocompatibility and would be prime candidates for use as scaffolds for engineering 
tissues of cartilage, bone, liver, blood vessel, and esophagus, etc [79]. 
 
Figure 2.12 SEM images of PLGA knitted mesh (a), PLGA-collagen hybrid (b), and 
human fibroblasts cultured in the hybrid for 1 day (c) [79]. 
 
Biocomposite films of collagen:PCL comprising a natural collagen polymer and a 
synthetic poly(ε-caprolactone) (PCL) at ratios of 1:4, 1:8 and 1:20, produced by 
impregnation of lyophilized collagen mats with a solution of PCL in dichloromethane 
followed by solvent evaporation, were attempted for tissue scaffolds by Coombes et al 
[92, 93]. Unlike Chen et al’s work, impregnation gave rise to a wrapping effect as 
shown in Figure 2.13. The extent of collagen exposure and release would 
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consequently affect the biological recognition features and cellular response behavior. 
For example, reduction of collagen exposure, as the PCL content of the composite is 
increased, resulted in poor recognition of human osteoblasts to PCL as the cells 
displayed a round morphology (Figure 2.14A). In contrast, the high exposure of 
collagen at the surface of 1:4 collagen:PCL biocomposite improved the cell-scaffold 
interaction as seen from a more spreadout morphology of cells (Figure 2.14B). These 
phenomena are also true with 3T3 fibroblasts (cells became to ‘like’ the PCL 
dominated composite as the collagen was released out from the inside) (Figure 2.14C, 
D). The use of collagen is directly attributed to the good cellular responses as it is an 
important cell adhesion molecule for most cells – the RGD cell binding domains are 
prevalent in collagen I for example, which is known to bind to a number of integrin 
receptors of cells [12, 94].  
 
Figure 2.13 SEM images of: (A) lyophilized collagen mat prepared from a 0.25% w/v 
solution, (B) 1:8 collagen:PCL biocomposite and (C) 1:20 collagen: PCL 
biocomposite [92]. 
In another study, poly(hydroxymethyl methacrylate) (PHEMA)-gelatin composite 
hydrogels also showed enhanced cellular interactions and tissue integration when 
implanted subcutaneously in contrast to plain PHEMA gels that were encapsulated 
and showed no tissue ingrowth [95]. 
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Figure 2.14 SEM images of primary human osteoblast cells cultured for 3h on (A) 
1:20 collagen:PCL biocomposite and (B) 1:4 collagen:PCL biocomposite; and 3T3 
fibroblast cells cultured on collagen:PCL 1:8 biocomposite for (C) 1 day and (D) 3 
days. [The images of A & B, C&D are adapted from references [92] and [93] 
respectively]. 
 
Materials hybridization is advantageous over either of constitutes alone. However, 
compatibility between them is a potential issue to consider because it would affect the 
mechanical properties of the composite materials. Proper compatibility can be 
obtained by establishment of strong ionic interactions that occur between them, or 
using amphiphilic compatilizer to moderate mechanical strength without 
compromising cell affinity as reported in Cai et al’s work [13, 15]. 
 






nanofibrous scaffolds, there is a necessity to create nanofiber formed hybridization, 
which is exactly the intention of current project to work on. However, this has rarely 
been explored in the literature. 
 
2.4 Electrospun nanofibrous scaffolds for tissue engineering 
Electrospun polymeric nanofibers for engineering tissues has a short history of a few 
years, but tissues being engineered with nanofibers include cartilage [8, 10, 48], bone 
[49], arterial blood vessel [52, 53], heart [54], and nerve [24]. The scaffolding 
materials used in these investigations are mostly based on those commonly used 
synthetic polyesters as summarized in Table 2.3. Some pioneer and significant work 
of using nanofibers for scaffolding applications are briefed as follows.  
 
Li et al. [10] prepared electrospun nanofibrous scaffolds from synthetic 
poly(D,L-lactide-co-glycolide) (PLGA), with fiber diameters ranging from 500 to 800 
nm. Physical and mechanical characterization suggested that this nanofibrous 
structure is suitable for soft tissue engineering such as skin and cartilage. In addition, 
it was also reported the electrospun nanofibrous structure is capable of supporting cell 
attachment and proliferation. Cells seeded on this nanofibrous structure tend to 
maintain phenotypic shape and guided growth according to nanofiber orientation.  
 
Electrospun non-woven poly(ε-caprolactone) (PCL) nanofibrous scaffolds (fiber 
diameter: 400 ± 200 nm) were made for bone tissue engineering in Vacanti’s group 
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[49]. Mesenchymal stem cells (MSCs) derived from the bone marrow of neonatal rats 
were cultured on the electrospun PCL scaffolds with osteogenic supplements under 
dynamic culture conditions for up to 4 weeks. They found penetration of cells and 
abundant extracellular matrix were observed in the cell-polymer constructs after 1 
week. At 4 weeks, the surfaces of the cell-polymer constructs were covered with cell 
multi-layers and mineralization and type I collagen were observed. These results 
suggested that the PCL nanofibrous scaffolds might be a suitable candidate for the 
treatment of bone defects. 
 
With the available nanofiber array technique reported by Theron et al. [37], aligned 
poly(L-lactid-co-epsilon-caprolactone) [P(LLA-CL)] (75:25) copolymer nanofibrous 
scaffold was aslo produced very recently [52] for tissue engineering of blood vessel. 
The diameter of the generated fibers was around 500 nm with an aligned topography 
which claimed to mimic the circumferential orientation of cells and fibrils found in 
the medial layer of a native artery. A favorable interaction between this scaffold and 
human coronary artery smooth muscle cells (SMCs) was demonstrated. With tissue 
culture polystyrene and plane solvent-cast P(LLA-CL) film as controls, the results 
showed that the SMCs attached and migrated along the axis of the aligned nanofibers 
and expressed a spindle-like contractile phenotype. The distribution and organization 
of smooth muscle cytoskeleton proteins inside the SMCs were parallel to the direction 
of the nanofibers. The adhesion and proliferation rate of SMCs on the aligned 
nanofibrous scaffold was also significantly improved than on the plane polymer films. 
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Similarly, efficacy of using aligned nanofibers for guiding cellular growth and 
secretion of ECM was demonstrated by culturing neural cells on electrospun aligned 
PLLA nanofibers [96] and human ligament fibroblasts on polyurethane (PU) 
nanofibers [97]. 
 
Although the above reported results of using nanofibrous synthetic biodegradable 
polymers are very promising for developing biomimicking scaffolds for tissue 
engineering, the hydrophobicity is an immediate problem to be resolved. This is 
because when the porous nanofibrous structure is immersed into a cell culture 
medium or a cell suspension, poor hydrophilicity causes a majority of the pores to 
remain empty, resulting in the underutilization of the 3-D scaffolds. This phenomenon 
will definitely affect the cell seeding efficiency and formation of 3-D distribution of 
cells in the nanofibrous structure. It is noted that the hydrophobicity related 
cell-seeding problem can be treated by either using collagen or other protein coating 
[49] or conducting ethanol prewetting treatment [98, 99] to improve water wettability. 
However, these measures, despite being workable, are time consuming and essentially 
cannot alter the hydrophobicity of the polymers. As such, in order to improve cell 
attachment and growth, nanofibers have to be subjected to some physicochemical 
surface modifications (e.g., plasma treatment, acrylic acid grafting, binding of 
collagen to carboxylic moieties of the poly(acrylic acid), etc.) as used for other 
non-fiber porous scaffolds. However, to our knowledge, materials hybridization from 






Electrospinning has emerged as a new scaffold fabrication technology for tissue 
engineering applications. This is because electrospun fibers are potentially able to 
biologically mimic the physical structure of major components of fibers in the native 
ECM. As a result, electrospun nanofibers made from those commonly used synthetic 
polyesters, e.g., PLA, PLGA, and PCL, have been used to engineer various tissues. 
However, their inherent problems of hydrophobic and lack of cell affinity need to be 
addressed. Materials hybridization has provided a useful addition to the range of 
biomaterials and matrix systems for tissue engineering. To overcome the noted 
inherent problems of using either synthetic or natural polymers alone, making 
composites is a feasible means of producing bioactive constructs and has been 
commonly used for constructing tissue engineering scaffolds. Yet, such a hybrid has 




Table 2.3 A summary of literatures on using electrospun nanofibrous  
scaffolds for tissue engineering 
 









2002 PLGA 500-800nm 
fibroblasts, bone marrow 
derived mesenchymal stem cells 
(MSCs) 
skin, cartilage [10] 
2003 PCL ~700nm fetal bovine chondrocytes (FBCs) cartilage [48] 
2003 PCL 400±200nm mesenchymal stem cells (MSCs) bone [49] 
2004 PCL ~250nm cardiomyocytes from neonatal Lewis rats 
myocardium/ 
heart [100] 
2004 PGA 220-880nm rat cardiac fibroblasts heart [101] 
2004 P(LLA-CL) ~500nm smooth muscle cells (SMCs) blood vessel [52] 
2004 P(LLA-CL) 500~1,500nm endothelial cells (ECs) and SMCs blood vessel [53] 
2005 PLLA 300-1,500nm neural stem cells (NSCs) nerve [96] 
2005 PLLA, PLGA, PEG-PLA ~1,000nm primary cardiomyocytes  Heart [102] 










3T3 mouse fibroblasts, human 
venous myofibroblasts (HVS) blood vessel [105] 
2005 PCLEEP ~760nm hepatocytes liver [106] 
2005 PCL 200-1,000nm endothelial cells (ECs) blood vessel [107] 
2005 PCL 500-12,000nm MCF-7 mammary carcinoma cells / [108] 
2005 DegraPol®* 10,000nm 
murine myoblast cell line 
C2C12, rat myoblast cell line 
L6, primary human satellite 
cells (HSCs). 
skeletal muscle [109] 
2005 PCL/CaCO3 760±190nm human osteoblast hFOB1.19 bone [110] 
2005 PHBV/HAp 100-2,000nm COS-7 cells from the monkey kidney / [111] 
2003 Collagen type II 110-1,800nm chondrocytes cartilage [112] 
2005 Collagen type I 100-1,200nm human keratinocytes skin [113] 
2004 Silk 30-120nm human keratinocytes and fibroblasts skin [114] 
2004 Silk  700±50nm human bone marrow stromal cells (BMSCs) / [115] 
2004 Collagen (type I)/PEUU 100-900nm smooth muscle cells soft tissues [116] 











(w/w from 2:1 to 
1:3) 
220-600nm smooth muscle cells (SMCs) blood vessel [119, 120]
* DegraPol®: A degradable block polyesterurethane, consisting of crystallizable blocks of poly((R)-3-hydroxybutyric acid)-diol 
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From literature, majority of polymers which have been successfully electrospun into 
ultrafine fibers are from the synthetic source. Limited works relate to that of the 
natural biopolymers. Although very recently, some publications have reported that 
natural biopolymers such as collagen [40], silk [114, 121], and cellulose [122] can be 
electrospun into fibers, no reports are found on electrospinning of other useful and 
economical biopolymers such as chitin/chitosan5, gelatin and alginate.  
 
Biomaterial of gelatin (Gt) has a wealth of merits such as of biological origin, 
biodegradable, biocompatible, commercial availability at relatively low cost, and 
versatile in a variety of biomedical applications such as being used as sealants for 
vascular prostheses [123-125], carriers for drug delivery [126-128], dressings for 
                                                        
5 Chitosan was only very recently electrospun successfully as reported by (1) Ohkawa K, Cha D, Kim 
H, Nishida A, Yamamoto H, Electrospinning of Chitosan, Macromol. Rapid Commun. 2004, 25: 
1600-1605; (2) Geng X, Kwon O-H, Jang J, Electrospinning of chitosan dissolved in concentrated 
acetic acid solution, Biomaterials, 2005, 26(27): 5427-5432.  
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wound healing [129, 130], and so forth. However, it has not been attempted to be 
electrospun into fibers although its parent material of collagen has been electrospun 
into nanofibers [40]. As gelatin was transformed to a system of water-soluble, 
independent molecules with a much lower degree of internal order, the 
electrospinnability of gelatin will be possibly different with that of collagen. Actually, 
its poor processibility even restricts it from being made into practical microfibers 
with conventional wet/dry spinning methods [131]. Consequently, successful 
conversion of gelatin into ultrafine nanofiber form would enhance its efficacy in 
practical applications, and on the other hand, would improve the electrospinnability 
while making our Gt/PCL composite nanofibers (to be made in the subsequent 
Chapter 4).  
 
In this Chapter, following works will be conducted: 
1) To find a means to convert the biopolymer of gelatin into nanofibers through the 
electrospinning process; 
2) To make the as-electrospun gelatin nanofibers water-insoluble and improve their 
thermal and mechanical properties through a chemical crosslinking treatment; and  
3) To evaluate the cytotoxicity of the crosslinked gelatin nanofibers by conducting a 
cell proliferation study.  
 
3.2 Experimental details 





Gelatin Type A (Approx. 300 Bloom, Sigma, MO, USA) from porcine skin in 
powder form, and solvent of 2, 2, 2-trifluoroethanol (TFE)6 (purity ≥99.0%, Fluka, 
Buchs, Switzerland), were obtained from Sigma-Aldrich (St. Louis, MO, USA). As 
aqueous solution of gelatin was found to be nonelectrospinnable, the fluorinated 
alcohol TFE able to dissolve polypeptide type polymers was selected [132]. To 
prepare spinning solutions, the gelatin was dissolved in TFE and stirred at room 
temperature for 6 hours to get transparent solutions. Different gelatin concentrations 
of 2.5%, 5.0%, 7.5%, 10%, 12.5%, and 15% w/v were prepared in order to 
investigate the electrospinnable range of gelatin/TFE solutions. 
 
                                                        
6 Trifluoroethanol, CF3CH2OH, with an ethanol-like odor has a number of unique properties. The three 
fluorines give the alcohol a high ionization constant and very strong hydrogen bonding capability, 
which make it a very unusual solvent. TFE is completely miscible with water, alcohols, ketones, esters, 
ethers and other oxygen containing solvents. TFE is miscible with lower aliphatic and aromatic 
hydrocarbons, but not with higher ones. Carbon tetrachloride is only slightly miscible with TFE but 
chloroform and methyl chloroform are completely immiscible. Besides, an unusual property of TFE is 
its ability to dissolve nylons at room temperature. Unlike nylon solutions in strong acids, the nylons can 
be recovered unchanged from these solutions. Physical properties of TFE are:  
Appearance: Colorless liquid 
Molecular weight (CF3CH2OH): 100.04 
Boiling point: 73.6 °C 
Melting point: -45.0 °C 
Density @ 25 °C: 1.3823 g/cc 
Dielectric constant @ 25 °C: 26.14 
Ionization constant (Ka): 4.3 x 10-13 
Vapor pressure @ 25 °C: 70 mmHg 







The experimental setup used for electrospinning gelatin is schematically shown in 
Figure 3.1. It consists of an adjustable DC power supply (RR50-1.25R/230/DDPM, 
Gamma High Voltage Research, USA), a syringe pump (KD-100, KD Scientific Inc., 
USA) to control flow rate on which a 5-10 mL syringe was mounted and connected 
to a metal needle through a Teflon tubing (ID φ1.0 mm), and a horizontally to and 
fro moving collector [45] wrapped with aluminum foil (as a counter electrode). For 
the solutions of different gelatin concentrations, the processing conditions are given 
in Table 3.1. After electrospinning, the collected gelatin fibers were kept in a 
vacuum oven at room temperature for a couple of days for drying. 











2.5% 16.0 0.8 12 82% 20.8 
5.0% 12.5 0.8 12 84% 20.3 
7.5% 10.5 0.8 12 80% 19.9 
10.0% 10.0 0.8 12 83% 19.5 
12.5% 10.0 0.8 12 84% 20.3 
15.0% 10∼15 0.8 12 83% 19.5 
 
3.2.1.3 Fiber morphology 
The morphology of the electrospun gelatin fibers was observed using an optical 
microscope (Olympus BX51M, Japan). The size measurement was based on the 
images obtained from scanning electron microscope (SEM) (JEOL JSM-5800LV, 
Japan). Prior to imaging using SEM, a small section (ca. φ8 mm) of the fiber mat 
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was fixed on the metal sample holder through a conductive tape and subjected to 
sputter coating with gold (JEOL JFC-1200 fine coater) up to 60 s. The SEM operated 
















Figure 3.1 Schematic diagram of the electrospinning system (a) and our patented 
electrospinning device (b). The movable upper part in (b) can also be used as a 
collector for (a) by attaching a plate covering with aluminum foil so as to genearate 




















3.2.2 Crosslinking of the electrospun gelatin nanofibers 
 
3.2.2.1 Sample preparation 
Apart from those materials listed in section 3.2.1.1, aqueous glutaraldehyde (GTA) 
(25%) was purchased from Merck (Hohenbrunn, Germany). Beads-free gelatin 
nanofibers from 10% Gelatin/TFE solution were similarly prepared as described in 
section 3.2.1.2. Detail conditions empirically determined in this electrospinning were: 
gap distance 13 cm; voltage 10 kV, flow rate 0.8 ml/h, ambient temperature 21.5 °C, 
and relative humidity 75%.  
     
3.2.2.2 GTA vapor crosslinking  
The crosslinking process was carried out based on a modified GTA vapor 
crosslinking protocol [133], i.e., by placing the gelatin nanofibrous membranes (~0.1 
mm thick) in a sealed desiccator, which contained a Petri dish with 10 mL of 
aqueous GTA solution, for crosslinking for 3 days. After crosslinking, the samples 
were exposed in a fume hood for two hours followed by a post-treatment at 100°C 
for 1 h to remove residual GTA and to partially enhance the crosslinking [134].  
 
3.2.2.3 Solubility test 
The crosslinked gelatin nanofibrous membranes were cut into sizes of 2 x 2 cm2 
(thickness: ~20 μm) and immersed in warm deionized water (37.0 ºC) for 6 days to 
test whether the fiber morphology can be preserved. Using 37.0 ºC water was to 
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roughly simulate a situation whereby the gelatin nanofibers is used in physiological 
conditions (here only the temperature condition was considered), for instance, as 
tissue engineering scaffolds or release carriers. 
 
3.2.2.4 Physical characterization 
FESEM: The electrospun nanofiber morphology was observed under a field 
emission scanning electronic microscope (FESEM) Quanta FEG 200 (FEI Company, 
the Netherlands) operated at an acceleration voltage of 10 kV. Prior to FESEM, 
samples were sputter coated for 90 s with gold using a JEOL JFC-1200 fine coater.  
DSC: Thermal properties of the electrospun gelatin nanofibers were measured by a 
TA Instruments 2920 Differential Scanning Calorimeter (DSC). The instrument was 
calibrated with an Indium standard, and a nitrogen atmosphere (flow rate = 50 
ml/min) was used throughout. All samples were first quenched to -60 °C with liquid 
nitrogen before starting heating runs. Heating was then intrigued at 10 °C/min to 220 
°C. The thermograms recorded were analyzed using a TA Universal Analysis 2000 
software.  
Mechanical: Tensile properties of the electrospun nonwoven membranes were 
determined with a tabletop MicroTester (Instron 5848, USA) using a low force load 
cell of 10 N. Strip-shaped specimens (30mm x 6 mm) (n=5) were tested at a 
crosshead speed of 10 mm/min. The ambient conditions were at about 24.7 °C and 
74 % humidity. Thickness of the specimens for the as-electrospun and crosslinked 
gelatin nanofibrous samples measured with a digital micrometer were 99.6±35.3 μm 
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and 19.6±6.6 μm, respectively. Mechanical properties such as ultimate strength and 
Young’s modulus were calculated based on the generated tensile stress-strain curves. 
 
3.2.3 Evaluation of cytotoxicity of the crosslinked gelatin nanofibers 
The cytotoxicity of crosslinked gelatin nanofibrous membranes was evaluated based 
on a fibroblast proliferation study. The human dermal fibroblasts (HDF, passages 2 
to 4) used were obtained from the National University Hospital, Singapore. Prior to 
cell seeding, the samples were first sterilized under UV for 3 hours, then soaked for 
24 hours with 5 changes of PBS, and finally placed in a culture medium for another 
24 hours. The obtained HDFs were then seeded (2 x 104 cells/cm2) on the 
crosslinked gelatin nanofibrous matrices in 24 well tissue culture plates (TCP). PCL 
nanofibrous scaffolds and TCP substrates were used as controls. The cell 
proliferation was monitored for 1, 3, 5, and 7 days (n=6 for each time point per 
group) using a (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)- 
2-4-sulfophenyl)-2H- tetrazolium, inner salt) MTS assay (CellTiter 96® Aqueous 
Assay). The mechanism behind this assay is that metabolically active cells react with 
tetrozolium salt in the MTS reagent to produce soluble formazan dye that can be 
observed at 490 nm. The cellular constructs were rinsed with PBS followed by 
incubation with 20% MTS reagent in serum free medium for 3 hours. Thereafter, 
aliquots were pipetted into 96 well plates and the samples were read using a 
spectrophotometric plate reader (FLUOstar OPTIMA, BMG Lab Technologies, 




3.3 Results & discussion 
 
3.3.1 Electrospinnability of gelatin 
3.3.1.1 Solvent effect 
In electrospinning, the solvent selected has a significant influence on the spinnability 
of a polymer solution. Gelatin can be easily dissolved in water at a temperature 
above 40 °C to form aqueous solution. Such a solution is used in the industry to 
produce large diameter gelatin fibers for medical stanching purpose. Due to its poor 
fiber-forming ability, quite often some other synthetic polymers such as poly(vinyl 
alcohol) (PVA) and poly(vinylpyrrolidone) (PVP), are added to improve this ability. 
Unfortunately, gelatin/water system was not able to be electrospun at ambient or 
even warmer condition. This phenomenon was also noticed in a very recent report 
[135]. The reason is possibly due to the gelling characteristics of gelatin in water. 
The gelation behavior of this biopolymer, resulting in the formation of a 3-D 
networked hydrogel, would reduce the mobility of polypeptide chains tremendously. 
Using alternative organic solvents will be likely to electrospin this biopolymer into 
fibers. It has been known that fluorinated alcohols such as trifluoroethanol (TFE) 
and hexafluoroisopropanol (HFIP) are good solvents for polypeptides such as 
collagen and its denatured product of gelatin [132]. In this study, we selected 
2,2,2-trifluorothanol as the dissolving solvent and found it does allow the ability to 
directly electrospin gelatin into nanofibers (see Figure 3.2) without adding any other 
fiber-forming aid materials.  
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3.3.1.2 Concentration effect 
  
  
Figure 3.2 Optical microscope photographs of gelatin nanofibers electrospun 
from different gelatin concentrations (the inset image of image 5.0% was electrospun 
from 2.5% w/v Gt/TFE solution). 
 
Apart from the above solvent effect, electrospinnability of gelatin is also associated 
with the gelatin concentrations used. For example, it was found that gelatin/TFE 
solution at a concentration of 2.5% w/v could only generate beads (the inset image of 
Figure 3.2) and bead assemblages connected by some fibril segments, which 
essentially is not a fibrous structure. With increasing concentration from 5% w/v to 
12.5% w/v at  increments of 2.5%, fiber morphology of “beads on a string” at lower 
concentrations (5% and 7.5% w/v) was changed to that of uniform fibers (10% and 
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12.5% w/v) accompanying with an obvious increase in the fiber thickness 
(quantitative measurements shown in Table 3.2). However, it became difficult in 
electrospinning the highest concentration solution (15% w/v) because of its high 
viscosity. 
 
The fiber diameters measured using the ImageJ software for the nanofibers produced 
from gelatin solutions of 5% w/v to 12.5% w/v are given in Table 3.2. As long as the 
gelatin solutions were electrospinnable, the resulting ultra-fine fibers had a diameter 
generally below 350 nanometers. As expected, the 5% w/v concentration solution 
resulted in the smallest fiber diameter, being around 100 nanometers. However, 
significant beads occurred along the fibers with this concentration. The 10% w/v and 
12.5% w/v concentrations gave fully bead-free nanofibers with an averaged diameter 
of 240 nm and 340 nm, respectively.  
Table 3.2 Fiber diameters of gelatin nanofibers electrospun from  
different gelatin concentrations 
 
Solution concentration, % w/v 5% 7.5% 10% 12.5% 
Diameter range, nm 50∼175 80∼300 130∼540 200∼750 
Averaged diameter, nm 100 140 240 340 
 
3.3.2 Crosslinking 
3.3.2.1 Fiber morphologies before and after crosslinking 
Electrospinning of 10% w/v gelatin/TFE solution gave rise to bead-free and 
randomly arrayed nanofibrous nonwovens with averaged fiber diameters around 
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200-300 nm (Figure 3.3a). Since gelatin is water soluble, even a tiny drop of water 
on the membranes can immediately destroy the nanofibrous structure as shown in 
Figure 3.3b. The water sensitivity even makes the electrospun fibers able to 
gradually form point-bondings at the fiber junctions (refer to Fig 3.4a) if gelatin 








Figure 3.3 Morphologies of electrospun gelatin nanofibers: (a) from electrospinning 
of a 10% w/v Gelatin/TFE, and (b) the smeared surface layer of gelatin nanofibrous 
membrane after being dripped a drop of water.  
 
GTA chemical crosslinking method was selected to fix the electrospun gelatin 
because: 1) physical approaches such as dehydrothermal treatment and 
UV-irradiation [136, 137] for crosslinking the protein of gelatin are usually less 
efficient than chemical methods; and 2) among the chemical crosslinking agents 
used, GTA is by far the most widely used due to its high efficiency in stabilizing 





Since gelatin is sensitive to water, conventional crosslinking approach of immersing 
cast gelatin films into aqueous GTA solution is not feasible for crosslinking present 
gelatin nanofibers. Therefore, a modified GTA vapor crosslinking method [133] was 
used. Crosslinking of collagenous materials with GTA involves the reaction of free 
amino groups of lysine or hydroxylysine amino acid residues of the polypeptide 
chains with the aldehyde groups of GTA [139]. After GTA vapor crosslinking, the 
membranes became visibly yellowish and slightly shrunk in dimensions. The colour 
change is due to the establishment of aldimine linkages (CH=N) between the free 
amine groups of protein and glutaraldehyde [140, 141].  
 
Figure 3.4 shows the fiber morphologies of the samples after crosslinking and water 
solubility tests. Compared to Figure 3.3b, the fibrous form had been grossly 
preserved. However, due to the nanoscale size of gelatin fibers; the co-existence of 
water and GTA vapors during crosslinking treatment had affected the fiber 
morphology to some extent. This is reflected by the fact that fibers at junctions were 
fused together forming bondings (see inset image of Figure 3.4a). After solubility test 
for 2, 4, and 6 days, the fibrous form of gelatin was still similarly preserved (Figure 
3.4b, c, d). This suggests that a proper crosslinking degree had been achieved with the 
















Figure 3.4 Crosslinked electrospun gelatin nanofiber morphologies before water 
solubility test (a), and after being immersed in 37°C deionized water for 2 days (b), 4 
days (c), and 6 days (d)  
 
3.3.2.2 Thermal and mechanical properties 
Figure 3.5 shows the DSC thermograms of raw gelatin powder and electrospun 
fibers before and after crosslinking. Despite the fact that gelatin is a denatured 
substance from collagen which involved rupture of the triple-helix structure by 
breaking of hydrogen bonds and a rearrangement of the triple helix into a random 
configuration, under proper conditions, e.g., a gelling process, the chains are able to 





structure [142, 143] – a renaturation process. This will be very common for “solid” 
gelatin which always contains some water, normally 10-15%, and can be considered 
as a sol or gel of very high concentration [144]. Therefore, the characteristic 
endothermic peaks in Figure 3.5 have often been termed as denaturation temperature 
(TD) [145-147], and the corresponding melting heat reflecting the triple-helix content 
or “crystallinity” is called denaturation enthalpy (ΔHD).  
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Figure 3.5 Typical DSC thermograms of gelatin powder and electrospun fibers. 
 
The values of TD and ΔHD, obtained from the raw gelatin powders and the 
electrospun gelatin nanofibrous membranes before and after crosslinking are found 
in Table 3.3. Compared to the raw gelatin material, TD of the as-electrospun gelatin 
fibers was about 15°C lower but ΔHD was increased. This phenomenon was probably 
associated with the electrospinning process, which resulted in relatively easy 
crystallization and increased segmental mobility of the fibrous polymers [148]. We 
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also speculate the TFE solvent used for dissolving gelatin would play important role 
in reconstructing the helical configuration as it was reported that the TFE is able to 
stabilize the protein structure [132].  
Table 3.3 Thermal properties of the electrospun gelatin fibers 
 





TD, °C 104.8 90.0 100.9 
ΔHD, J/g 354.1 427.6 493.4 
 
The TD of the crosslinked gelatin nanofibrous membrane was higher by about 11°C 
which is close to that of the raw gelatin powder, whereas the ΔHD of the crosslinked 
gelatin was 15% and 40% higher than those of the as-electrospun gelatin nanofibers 
and the raw gelatin powder, respectively. Since all the samples used in the DSC 
analysis possessed a similar water content of about 15.50 wt% (assayed with a TGA), 
which would exclude the potential influence of water content differences on the 
denaturation temperature and the enthalpy of helix-coil transition [146], the 
differences in their respective thermal behaviors would therefore be a consequence 
of processing and crosslinking. The DSC results indicate the crosslinking treatment 
had appreciably enhanced the thermal stability of the electrospun gelatin nanofibers.  
 
Typical tensile stress-strain curves of the electrospun gelatin nanofibrous membranes 
before and after crosslinking were plotted in Figure 3.6. The curve shapes are 
similar to that of gelatin films conducted at high humidity 75% [144]. Tensile 
properties such as the tensile strength and Young’s modulus were summarized in 
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Table 3.4. The tensile results indicate that crosslinking treatment dramatically 
improved the mechanical performance of the gelatin fibrous membranes. After the 
crosslinking, both the tensile strength and modulus were enhanced to nearly 10 times 
higher than those of the as-electrospun gelatin membrane. We speculate both the 
formed inter- and intra-molecular covalent bonds and the bondings between the fiber 
junctions may be responsible for this tremendous improvement. Formation of 
point-bonding structures favors the structural stability of electrospun fibers and 





(a)  (b)  
Figure 3.6 Typical tensile stress-strain curves of electrospun gelatin nanofibrous 
membrane before (a), and after (b) crosslinking. 
 
 
Table 3.4 Tensile properties of the electrospun gelatin nanofibrous  
membrane before and after crosslinking (n=5) 
 
 Ultimate tensile 
strength, MPa 
Young’s modulus,  
MPa 
Crosslinked Gt 12.62 ± 1.28 424.7 ± 20.7 










































Although the crosslinking treatment had improved the water-resistant ability and 
thermal and mechanical properties of the electrospun gelatin nanofibrous membranes, 
a potential adverse effect is that such treatment could be cytotoxic to cellular growth 
during in vitro and/or in vivo experiments. It has been reported that the potential 
source of cytotoxicity with the chemically crosslinked biomaterials may be as a 
result of residues of unreacted crosslinking agents and leaching as the materials 
degrade [150]. This problem can be alleviated by thoroughly rinsing the crosslinked 
material so as to maximally reduce the amount of residual GTA molecules.  
 
Figure 3.7 gives the cell proliferation results of HDF on the substrates of the 
crosslinked Gt, controls of TCP and PCL nanofibrous membranes assayed at 1, 3, 5 
and 7 days. As gelatin is a natural originated biopolymer, we had expected a better 
cellular proliferation on gelatin than on the synthetic sourced PCL (NB: the synthetic 
polymer PCL throughout this project is used as a negative control due to its 
biologically passive or non-bioactive attribute).The almost linear increases of cell 
numbers on the crosslinked Gt fibrous scaffolds in a period of 7 days of cell culture 
indicated that the cells could grow on the chemically treated nanofibrous gelatin, as 
on other control substrates. However, the pronounced lower cell numbers (P<0.001) 
compared to on PCL at day 1 culture would suggest an initial inhibition of cell 
proliferation for gelatin scaffolds, possibly due to existence of residual GTA. At 
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other time points, changing medium during the cell culture period could further 
remove the residual GTA and consequently alleviate the cytotoxicity. This is 
understandable from the fact that cell proliferations on the crosslinked Gt 
nanofibrous scaffolds (P<0.05) at other days are better than that of the synthetic PCL. 
It is suggested that for a better cell proliferation, the as-electrospun gelatin fibrous 
membrane should be crosslinked with less toxic crosslinking agents and be 
thoroughly rinsed. Alternatively, we propose that electrospinning of a hybrid (e.g., 
Gt/PCL) would be appropriate in developing gelatin containing composite 
nanofibrous scaffolds which could have favorable cell-scaffold interactions (this will 























Figure 3.7 Comparison of cell proliferation by culturing HDFs on the GTA 
crosslinked electrospun gelatin fibrous scaffolds and on the controls of TCP 








By using a fluorinated alcohol TFE as the dissolving solvent, gelatin had been 
successfully electrospun into nanofibers. It was found Gelatin/TFE solutions with a 
concentration of 10-12.5% produced gelatin nanofibers with averaged fiber diameters 
< 350 nm. By exposure of electrospun gelatin nanofibers in a saturated GTA vapor for 
3 days, the nanofibrous nonwoven membranes were properly crosslinked. After 
crosslinking, the fibrous form was generally preserved even after being immersed in 
water at 37 °C for 6 days. The crosslinking had also enhanced the thermal stability 
and mechanical properties. With a combined moisture content of 15.5 wt%, the 
denaturation temperature was increased by ca. 11 °C to 100.9 °C, whereas the tensile 
strength and modulus were improved to nearly 10 times higher than those of the 
as-electrospun membranes. Cytotoxicity test indicates that the GTA crosslinked 
fibrous scaffolds could support the proliferation of human dermal fibroblasts. The 
initial inhibition of cell proliferation on the crosslinked gelatin fibrous scaffolds 
suggested some cytotoxic effect to the cells, likely due to existence of some residual 
GTA molecules.  
 
Conversion of gelatin into nanofibers will enhance and open new opportunities for 
this versatile and economical protein biopolymer, especially in terms of fabricating 
powerful haemostatic fibers, tissue engineering scaffolds, and drug release carriers. 
More importantly for this project, it also provides a feasibility to make 







Randomly Blended Composite Nanofibers 
 
4.1 Introduction 
Blending approach has been employed by many researchers for developing bulk 
porous scaffolds as was reviewed in section 2.3. However, blending synthetic and 
natural polymers to form composite nanofibers for cellular scaffolds applications has 
less been explored, probably because quite a few natural biopolymers e.g., collagen, 
chitin7, have poor electrospinnability. With the successful electrospinning of gelatin 
into nanofibers, it is possible to make composite nanofibers by blending gelatin with 
another synthetic polymer. Poly(ε-caprolactone) (PCL) is selected as the candidate 
synthetic polymer because it is electrospinnable [151], biocompatible, biodegradable, 
economical and widely used for various biomedical applications including as tissue 
engineering scaffolds. On the other hand, this blending approach can also circumvent 
the potential cytotoxicity problem as a result of using GTA in fixing the gelatin 
nanofibers as studied in Chapter 3.  
 
In this chapter, section 4.2 describes the electrospinning, characterization and 
                                                        




biocompatibilty of fibrous composite Gt/PCL, while section 4.3 gives a detailed 
examination about the phase separation characteristics of as-electrospun Gt/PCL 
nanofibers, and morphological changes of the fibers after the gelatin component was 
leached out of the fibers. Results from the secetion 4.3 can facilitate to understand 
the mechanical and biological performances reported in the section 4.2.  
  
4.2 Electrospinning of Gt/PCL composite nanofibrous scaffolds 
 
4.2.1 Objectives  
1) To electrospin Gt/PCL blend into nanofibers; 
2) To characterize the physical properties of Gt/PCL composite nanofibers; 
3) To demonstrate in vitro the improved bioactivity, in comparison with PCL, of 
using Gt/PCL composite nanofibers as scaffolds.  
 
4.2.2 Experimental details 
 
4.2.2.1 Materials 
In Chapter 3, it has been found the 10.0% w/v gelatin solution produced non-beaded 
nanofibers. As PCL/TFE solution (10.0% w/v) is also electrospinnable, it was mixed 
with the Gelatin/TFE (10.0% w/v) at a blending ratio of 1:1 in order to prepare 






The basic experimental setup used for the electrospinning process is the same as that 
shown in Figure 3.1. The electrical strength applied for electrospinning Gelatin, 
PCL, and Gt/PCL blend was determined empirically to be 0.5 kV/cm, 0.8 kV/cm, 
and 0.3 kV/cm, respectively. The gap distance used for them was 12-13 cm. All 
electrospun fibrous membranes were stored in desiccators for a couple of days 
before subsequent uses.  
 
4.2.2.3 Characterization 
Fiber morphology: The morphology of the electrospun fibers was observed using 
optical microscope and scanning electron microscope. For SEM, the procedure is the 
same as described in section 3.2.1.3. 
Wettability: Wettability of the electrospun Gelatin, PCL, and Gt/PCL nanofibrous 
membranes were evaluated with a video water contact angle instrument 
(VCA-optima, AST Inc. USA). 0.25 μl deionized water was dripped onto the 
membranes and the contact angles reflecting the wetting ability of the fibrous 
materials were calculated automatically. Generally, lower contact angle would 
indicate better wettability and/or hydrophilicity.    
Uniaxial tensile tests: Mechanical properties of the electrospun nanofibrous 
membranes were measured with a tabletop uniaxial testing machine (INSTRON 




ambient conditions. All samples (n=6) were prepared in the form of rectangular 
shape with dimensions of 50 mm x 10 mm from the electrospun fibrous membranes. 
The thicknesses of samples were measured with a digital micrometer. At least five 
samples were tested for each type of electrospun fibrous membranes. 
 
4.2.2.4 Cell culture 
Cell isolation: Bone marrow stromal cells (BMSCs) were isolated by short-term 
adherence to plastic as described previously [152]. Briefly, bone marrow was 
aspirated from iliac crest of 4-month female New Zealand White rabbits. Nucleated 
cells were isolated by density gradient centrifugation over Ficoll/Paque (Amersham 
Biosciences, Piscataway, NJ). Following this, the nucleated cell layers were carefully 
removed and re-suspended in culture medium containing Dulbecco’s modified 
Eagle’s medium (DMEM) (Gibco, Grand Island, NY), 15% wt/v fetal bovine serum 
(Hyclone, Logan, UT), 100 units/ml penicillin, and 100 mg/ml streptocycin (Gibco, 
Grand Island, NY). The nucleated cells were plated at a density of 5 million 
nucleated cells per 100 mm dish and incubated at 37°C with 5% humidified CO2. 
After 24 hours, non-adherent cells were discarded and adherent cells were cultured. 
Medium was changed every 3 days. When culture dishes became nearly confluent 
after about 14 days, the cells were detached and serially subcultured. Passage 2 (P2) 
cells were used to seed on the electrospun nanofibrous scaffolds. 




culture polystyrene (TCPS) dish. These substrates were sterilized under UV for 1 
hour and later pre-wetted with 100% ethanol for another 1 hour, and then rinsed 
three times (at 1 hour interval) with PBS. After that the substrates were soaked in 
culture medium overnight. Then P2 cells were seeded onto the fibrous membranes at 
a density of 20,000 cells/cm2. Before cell seeding, BMSCs were labeled with 
carboxy fluorescein diacetate (CFDA) molecule probe (Molecular Probes, OR). 
Cell labeling: CFDA molecule probe are well recognized as viable cells marker. 
This technique was used to investigate the growth of BMSCs on the scaffolds. 
BMSCs were cultured for 7 days, and then incubated for 20 minutes (25 μM CFDA) 
on the second day. The positive cells were observed under fluorescence microscopy. 
Cell morphology observation: After one week of culturing, the electrospun fibrous 
scaffolds with the cells were examined by SEM and laser confocal microscope 
separately. To prepare the cell cultured samples for SEM observation, the scaffolds 
were first gently rinsed twice with 1x PBS, followed by fixing them with 4% 
formaldehyde for 30 min. The samples were again rinsed twice with tap water, and 
then dehydrated in graded concentration of ethanol (30%, 50%, 70%, 90% and 100% 
for 10 min each). Finally, they were air dried in a fume hood overnight. Dry cellular 
constructs were coated with gold sputter and observed under the SEM at an 
accelerating voltage of 15 kV. To prepare the cell cultured specimens for confocal 
microscope observation, the cultured scaffolds were immediately fixed in 




in PBS and observed under a laser scanning confocal microscopy (Leica TCS SP2, 
Germany). The cellular ingrowth depth was measured by Z-directionally stepwise 
scanning of the cell-scaffold constructs to detect migration depth of the labled 
BMSCs within the scaffolds.  
Cells proliferation assay: This study is to quantitatively measure the differences of 
cellular proliferation ability on the respective scaffolds/substrates. Seeding density 
remained the same as above. Cell proliferation at day 5 was chosen as the time point 
for evaluation. The number of attached cells was determined by MTS assay with use 
of Cell Titer 96 (Promega). Before testing, the fibrous scaffolds were rinsed with 
PBS twice and then 250 μl MTS reagent diluted to 5% concentration in culture 
medium was added into each well. The culture plates were then incubated for 1.5 
hours, after which 100 μl aliquots of each well was placed into individual wells of a 
96-well plate. The 96-well plates were then placed into a spectrophotometric plate 
reader to measure the absorbances. Proliferation measurements for each group were 
based on triple samples and expressed as mean ± standard deviation.  
     
4.2.3 Results & discussion 
 
4.2.3.1 Characterization of the Gt/PCL composite fibers 
Morphology: A mixture of Gelatin/TFE with PCL/TFE both at a fixed concentration 




bead-free morphology (Figure 4.1). It is interesting to note that under bright field 
observation with an optical microscope, the Gt/PCL composite fibers show an 
alternative array of bright and dark segments. The diameter distribution obtained 
from analysis of the SEM images of Gt/PCL composite fibers is shown in Figure 4.2. 







Figure 4.1 Electrospun fiber morphologies of Gt/PCL viewed using a) optical 


































































































Figure 4.2 Size distributions of electrospun Gt/PCL composite fibers produced from 







Wetability: Contact angle data of different electrospun fibrous membranes measured 
using a VCA surface analysis instrument is given in Table 4.1. As expected, gelatin 
showed much better wettability than that of PCL due to its hydrophilic attribute. 
However, while drops of deionized water were dripped onto the Gt/PCL fibrous 
membranes, convex shape, as compared to that for PCL and gelatin fibrous 
membranes, could not be maintained. The water drops were sucked in and 
disappeared immediately. The extreme low contact angle of Gt/PCL suggests this 
composite nanofibrous membranes are water wettable and hydrophilic with the 
introduction of hydrophilic gelatin into the hydrophobic PCL.  
 
Table 4.1 Water contact angles of different electrospun fibrous membranes (n=15) 
 
 Gelatin PCL Gt/PCL 
Contact angle 76.5°±1.9° 109°±2.4° - 
 
From Table 4.1, it is also noted that the wettability of Gt/PCL is even much higher 
than that of the hydrophilic pure gelatin. This would be associated with the surface 
roughness differences between them because it is known that for a hydrophobic 
material the contact angle increases with the surface roughness, while for a 
hydrophilic material the contact angle decreases with increase in surface roughness as 
reported in the references [107, 153, 154]. Therefore, for the hydrophilic Gt and 
Gt/PCL, the larger sized nanofibers of Gt/PCL (700~900 nm) than that of gelatin 
(~300 nm) contributed higher roughness for the composite nanofibrous membrranes, 




agreement with some recently published papers that report modifying the surfaces of 
nanofibers through chemically drafting of hydrophilic molecules [107, 153]. Physical 







































Gelatin 2.50±0.35  105.00±28.00 0.64±0.29  0.0219±0.0067 
PCL 2.70±0.38 4.98+0.76 1.26±0.22 0.0292±0.0056
Gt/PCL 1.29±0.21 30.8±9.94 1.38±0.44 0.0343±0.0119
 
Tensile properties: Typical tensile stress-strain curves and deformation behavior of 




averaged tensile strength, Young’s modulus, failure elongation, and fracture energy 
are calculated and summarized in Table 4.2. Combination of gelatin and PCL gave 
rise to improved modulus (stiffness) compared to that of the pure PCL membrane. The 
higher elongation and energy at fracture for the Gt/PCL membrane suggests its good 
deformability and ductility. In terms of strength, the Gt/PCL membrane is only about 
half of its constituents. The blending of PCL with gelatin did not provide any strength 
improvement. This phenomenon is likely due to the immiscibility and micro-phase 
separation (see section 4.3.2.2) which would lead to easier slippage of chains under 
loading because of less entanglements and weak physical interactions among the 
chains of mixed polymers. The incompatibility resulted decreases in mechanical 
properties had similarly reported by other researches [13]. Nevertheless, it would be 
possible to improve the tensile strength of the Gt/PCL composite nanofibers by 
optimizing the constituent ratio or using other compounding fashions, e.g., a 
core-sheath structure.  
 
4.2.3.2 Bioactivity of Gt/PCL composite fibers  
The SEM images in Figures 4.4 and 4.5 show that the BMSCs can attach and grow 
on the fibrous Gt/PCL and PCL alone scaffolds; but, there were a relatively larger 
number of cells on the Gt/PCL scaffold compared to that of PCL scaffold. In 
morphology, BMSCs intimately spread and stretch themselves rather than contract 
into a round shape as exhibited on the PCL scaffold. Interestingly, the SEM images 




infiltration into the inside of the fibrous structure instead of just attaching onto the 
surfaces as exhibited on the synthetic PCL scaffold. This infiltration phenomenon 
suggested a 3-D cellular growth. 
 
 
Figure 4.4 Interaction of bone marrow stromal cells with the Gt/PCL composite 
scaffolds after 7 days of cell culture: a) overview of cells attached on the scaffold at 
100x magnification; b) cells interaction with scaffold at 1000x magnification;  






Figure 4.5 Interaction of bone marrow stromal cells with fibrous pure PCL scaffolds 
after 7 days cell culture: a) overview of cells attached on the scaffold at 100x 
magnification; b), c), and d) cells morphologies on the PCL scaffold. 
 
Cell morphological differences with the two fibrous scaffolds through laser confocal 
scanning are shown in Figure 4.6. The round cell morphology in the Gt/PCL 
scaffold (Figure 4.6a) indicated that the cells survived in a 3-D situation. In contrast, 
BMSCs on the PCL scaffolds exhibited spindle shape (Figure 4.6b) which is the 
typical morphology of cells on a 2-D surface. Moreover, the confocal scanning 
measurement along the Z-direction (i.e., the thickness direction) showed that 
BMSCs infiltrated up to around 110 μm in the Gt/PCL scaffold which is much 










Figure 4.6 Laser confocal photographs of BMSC morphologies with the 
























Figure 4.7 Comparison of cell growth depth for Gt/PCL and PCL scaffolds. 
 
Results shown in Figure 4.8a indicate that cell proliferation on the Gt/PCL blend 
fibers is much superior than on the less bioactive PCL, and is comparable to that of 
“gold standard” TCPS. This can also be reflected from their color differences 
(Figure 4.8b), where the darker cell-scaffold construct indicates more numbers of 





used the day 3, day 5, or day 7 as time-points to assay cell proliferation. Based on 
our cells and cell seeding density, we chose day 5 because the BMSCs become 
80-90% confluence at day 5. After that cell will become full or over confluent, then 























Figure 4.8 Cell proliferation assay of BMSCs on the electrospun nanofibrous PCL 
and Gt/PCL scaffolds: a) proliferation data; b) darkness of the colour resulted 






The above results would suggest that the Gt/PCL scaffolds are more bioactive for 
BMSC growth and migration. The favorable responses could be related to the 
materials hybridization effect. Introduction of bioactive biopolymer of gelatin into 
the PCL had remarkably improved the cell affinity and wettability of the fibrous 
scaffolds. This study also supports that biological recognition features are prominent 
concern in the design of biomaterials in order to precisely control cell and tissue 
responses to implanted device [12]. Inversely, it also illustrates that structural and 
chemical characteristics of scaffolds composed solely of the synthetic polymers may 
make them unsuitable for many tissue engineering applications [101]. 
 
It is well known that tissue engineering scaffolds should not only work as a substrate 
for cell attachment, growth and proliferation, but also should facilitate cell migration 
to inside of scaffold and assembly of cells into a stereo-structure. Although 
electrospun nanofibrous scaffolds can morphologically mimic the nanofibrous 
components in the ECM, the ‘pores’ or ‘cavities’ formed in the electrospun fibrous 
structure throughout its thickness would be much smaller than the normal cell size of 
a few to ten microns which could inhibit cell migration. To resolve such a problem, a 
fiber leaching approach had been proposed to create micropores or microvoids for 
encouraging cell infiltration [155]. Very recently, simultaneously electrospun 
nanofibers and living cells for achieving a uniform distribution of cells through the 
scaffold thickness was also proposed [156]. Our current Gt/PCL composite fibrous 




from materials compounding could be responsible for this phenomenon: 1) The 
introduction of natural biopolymer of Gt into the PCL provides the composite good 
hydrophilicity and recognition signals, which will facilitate and encourage cells to 
migrate deeper. Changes in the local microenvironment as a result of material 
constituents can modulate the cellular responsive behaviour. This result is consistent 
with others [79, 92, 157]; 2) The gelatin component of the Gt/PCL scaffold is 
gradually dissolved during cell culture and hence would create more space for cell 
migration and easy transportations of nutrition and waste (see section 4.3.3.2); and 3) 
As discussed in section 4.2.3.1, Gt/PCL composite had lower strength, but very good 
elongation and deformation properties. These favorable mechanical properties can 
provide easier opening of spaces for cell penetration to deeper levels of the scaffold. 
It has been known that the resilience and deformability of scaffolds do influence in 




By hybridizing gelatin with PCL, we developed a useful biomimetic and bioactive 
composite nanofibrous scaffold Gt/PCL. Electrospun Gt/PCL nanofibrous scaffold 
had a balanced physical and mechanical properties compared to its constituents. Cell 
culture experiments, SEM, and confocal observations showed that bone marrow 
stromal cells had very favorable interactions with this scaffold compared to pure 




of electrospun fibrous scaffolds, cellular infiltration into the Gt/PCL composite 
nanofibrous scaffold was observed. These unique properties with Gt/PCL warrant 
further investigation on its applications for tissue engineering. Moreover, the 
approach of electrospinning Gelatin with synthetic polymer would avoid the 
toxicological concerns associated with chemical crosslinking of gelatin and would be 
a feasible approach to modify the less bioactive synthetic polymers so as to make 
biomimicking and bioactive nanofibrous scaffolds.  
 




As discussed in section 4.2, cellular penetration into 3-D nanofibrous scaffold would 
be of interest in tissue development. In a broad sense, cellular ingrowth would take 
place if the internal structure of the as-spun nanofibrous scaffolds could in situ form 
special structural features or generate extra spaces during cell culture, thereby leading 
to accommodate enough nutrients and oxygen, which are essential for deeper cellular 
ingrowth in the course of developing a 3-D tissue [159]. As gelatin is water soluble 
and has a high mass ratio (50%) in the Gt/PCL composite fibers, we hypothesized that 
secondary pores both on the surface and within the body of individual composite 
fibers would be in situ progressively formed through gelatin-leaching. 3-D porous 




individually porous fibers could also provide topographical cues to guide cellular 
penetration because of their nanotopographies [81, 160]. However, although leaching 
process had been frequently used to fabricate bulk porous scaffolds by selectively 
removing one phase of precursors (e.g., particulate salts), 3-D porous structure at the 
individual ultrafine fiber level with a size less than or around 1 μm has rarely been 
studied.  
 
In literature, Wendorff et al. reported that porous fibers of poly-L-lactide (PLLA) 
and polycarbonate (PC) could be directly prepared during electrospinning by a 
judicious selection of volatile solvents such as dichloromethane [163]. The formed 
pore or pit diameters are in the range of about 200 nm presented on the fibers. 
Similarly, Rabolt et al. have also observed the formation of pores in the 
electrospinning of other polymers like polystyrene (PS), poly(methyl methacrylate) 
(PMMA), and PC [164, 172]. 20-350 nm pores on large sized electrospun fibers 
were demonstrated. Without doubt, the formation of nano- and micro-structured 
pores on the fiber surface can increase surface area of the resultant electrospun fibers. 
However, the efficiency will be limited because, firstly, the pores are present only on 
the surface with a shallow depth, and secondly, pores usually appear on large sized 
fibers ranging from a few to tens of microns in diameter, thus compromising the 
fiber size. For example, the estimated increase of surface area, to a known amount of 
polymer electrospun into 3 μm-diameter fiber fully covered with pores of 300 nm x 




the same amount of material when electrospun into 300 nm diameter fibers without 
the presence of pores on the surface.  
 
The study in this section of Chapter 4 is to demonstrate such a notion based on a 
progressive leaching treatment on the previously used Gt/PCL composite fibers. 
Formation of 3-D porous fibers would provide direct evidence for our speculations in 
section 4.2.3.2. Since the underlying principle of forming porous fibers is a phase 
separation phenomenon occurring between the gelatin and PCL components in the 
composite fibers, phase separation will be first examined by differential scanning 
calorimetry (DSC), atomic force microscopy (AFM) and a high resolution field 
emission scanning electron microscope (FESEM). Subsequently, the 
leaching-generated porous fiber morphology was elucidated using the FESEM. The 
resultant porous fiber surface area was measured by a Brunauer-Emmett-Teller (BET) 
surface area instrument. 
 
4.3.2 Experimental details 
 
4.3.2.1 Sample preparation 
The materials used and the electrospinning method are the same as those described 
in the sections 4.2.2.1 and 4.2.2.2. 
 




DSC: Thermal properties of the electrospun Gt/PCL fibers were measured using a TA 
Instruments 2920 Differential Scanning Calorimeter. The instrument was calibrated 
with an Indium standard. A nitrogen atmosphere (flow rate = 50 ml/min) was used 
throughout. All samples were first quenched to -100 °C with liquid nitrogen. The 
samples were then heated at a rate of 10 °C/min to 100 °C and 220 °C for the fibrous 
PCL and Gt/PCL samples, respectively. 
AFM: The phase imaging mode of the atomic force microscope (Dimension 3100, 
Digital Instruments) was used to image the Gt/PCL composite fibers. During phase 
imaging, the phase lags between the resonant frequency driving the cantilever and the 
detected oscillation signal was monitored. These phase differences were indicative of 
the differences in material properties of the various parts of the sample surface. The 
phase images were obtained using a silicon cantilever probe with a resonant frequency 
of approximately 270 kHz, a scan rate of 1 Hz, and free-oscillation amplitude, A0, of 
60 nm. Typically, a moderate tapping with set point to free amplitude ratio (rsp) of 
0.40-0.70 was used for phase imaging [161]. The AFM phase imaging was performed 
under ambient condition with the instrument mounted in a vibration isolation system. 
FESEM: Fiber morphology of the electrospun polymer fibers before and after 
leaching treatment was also observed using a high resolution Quanta FEG 200 
FESEM (FEI Company, the Netherlands) operated at an acceleration voltage of 8-10 
kV. Prior to FESEM, samples were sputter coated for 90 s with gold using a JEOL 




microphotographs, fiber diameters of the nanofibrous membranes were analyzed 
using an image visualization software ImageJ. 
 
4.3.2.3 Release of (leaching) gelatin 
The fibrous membranes of Gt/PCL (~15 mm in diameter, about 100 μm in thickness) 
were submerged in 10 mL PBS medium at 37 C in a shaking water bath for in vitro 
release (leaching) study. At predetermined intervals, the release medium was replaced 
with equal amount of fresh PBS and analyzed by a UV-spectrometer at a wavelength 
of 280 nm. The UV absorbance was then converted to gelatin concentration based on 
a constructed calibration curve. Pure PCL fibers under the same conditions were used 
as control. An accumulated release curve was accordingly plotted with the release 
data.  
 
4.3.2.4 BET surface area measurement 
The Brunauer-Emmett-Teller (BET) surface area was measured using nitrogen gas 
physical adsorption method with a surface area analyzer (NOVA 3000, Quantachrome 
Corporation, USA) at 77 K. Prior to the BET measurement, samples were degassed in 
a vacuum oven at room temperature for 24 hours. The relative pressure range P/P0 of 
0.05-0.30 (P and P0 are the equilibrium and the saturation pressure of adsorbate N2 at 
the temperature of adsorption) was used for calculating the BET surface area with a 





4.3.3 Results and discussion 
4.3.3.1 Phase separation 
PCL polyester and gelatin protein are thermodynamically immiscible polymers. Using 
TFE as their co-solvent, either of them is able to dissolve in TFE forming transparent 
solution. However, when both are mixed together, the mixture became cloudy and 
was found to separate into different phases when left to stand for about one day.  
 
Phase separation can be examined using the differential scanning calorimetry. While 
miscible polymers imply a single-phase blend so that the DSC will observe a single 
glass transition, a single crystallization, and a single melting transition, an immiscible 
blend will show two inflections or endotherms due to the glass transition and/or 
melting endotherms, although they will be expected to change from those of the pure 
components [162]. In Figure 4.9, the thermogram of electrospun PCL fibers shows an 
endothermic peak at about 60 °C, which is the melting temperature (Tm) of the 
semicrystalline PCL polymer. For the electrospun gelatin fiber, its characteristic peak 
is at about 90 °C, which is termed denaturation temperature (TD) associated with the 
helix-coil transition [145, 147]. A presence of both characteristic temperatures in the 
DSC thermogram of the electrospun Gt/PCL would indicate the co-existence and 
phase separation of the Gt and PCL in the blend fiber. Furthermore, from Table 4.3, it 
can be seen that blending Gt and PCL gave rise to decreases in their respective 
characteristic temperatures and thermal enthalpies, thus suggesting that the 




polymers. The slight change in their respective thermal properties seems to imply that 
the PCL and gelatin system, despite being immiscible, is compatible. If the blend is 
incompatible, only the characteristic DSC responses of the individual components 
will be obtained [162].  




















Figure 4.9 DSC thermograms of the electrospun fibers of Gt, PCL, and their  
blend Gt/PCL. 
 
Table 4.3 Thermal properties of the electrospun fibers 
 
Gt/PCL fibers  Gt fibers PCL fibers 
Gt PCL 
Tm, °C 90.2 59.9 80.1 57.8 
ΔHm, J/g 449.1 90.8 204.7 24.9 
 
Figure 4.10a shows the AFM phase image of an electrospun Gt/PCL composite fiber. 
The island-like strips of either phase along the fiber axis suggest that phase separation 




it is possible to identify the composition of the colour domains in this 
phase-segregated system based on their different viscoelasticities. It has been known 
that the AFM phase images recorded are related to surface stiffness variations arising 
from change in the Young’s modulus of elasticity [161]. A stiffer region has a more 
positive phase shift and hence appears brighter in a phase image. Phase imaging can 
thus help to distinguish the different surface features and properties of a 
multi-component composite [161]. In the section 4.2.3.1, we have found that at 
ambient conditions, electrospun gelatin fibers possess about 20 times higher Young’s 
modulus than that of PCL fibers. Therefore, we can assign the bright domains to the 
component of Gelatin, and the dark regions to that of PCL.  







Figure 4.10 (a) Phase image of an electrospun Gt/PCL fiber deposited on a glass 
substrate (Image size 3 μm x 3 μm, contrast variations are from dark [0°] to bright 







The morphology of the electrospun Gt/PCL composite fibers was also observed using 
the high resolution FESEM (Figure 4.10b). Interestingly, the fiber surface was not 
smooth but displayed irregular topographical features similar to the surface features 
shown in the AFM phase image. These surface features however, were absent in the 
smooth surface of pure Gt and PCL electrospun fibers. Thus, we can conclude that it 
is the phase separation behaviour of Gt/PCL that created the unique surface 
topographical features. Formation of proper phase separation in the blend Gt/PCL 
fibers provides the possibility of selectively removing one phase and preserving 
another to produce porous fibers. 
 























Figure 4.11 Release profile of gelatin component from  





The release kinetics for leaching out the gelatin component from Gt/PCL composite 
fibers is shown in Figure 4.11. With a blend ratio of 50:50 Gt to PCL, the gelatin can 
be continuously released (leached out) in a duration of more than two weeks in PBS 
solution at 37 °C. The leaching kinetics can be governed by a progressive dissolution 
and diffusive mass transfer, similar to that of an erosion process. Continuous porous 
fibers are accordingly obtained after the water soluble gelatin component was 
gradually leached out from the as-spun Gt/PCL composite fibers. 
 
Figure 4.12 shows FESEM images of the electrospun Gt/PCL composite fibers before 
and after leaching treatment (19th day, ~ 70% gelatin leached out). At low 
magnification, the fiber morphology of leached sample (Figure 4.12b) shows no 
distinctive differences with that of the as-spun Gt/PCL fibers (Figure 4.12a). 
However, at higher magnifications (Figure 4.12c, d), fibers with very different 
topographical features were noticed. The fiber surface after leaching treatment 
became rough and irregular because of the existence of many interconnected striated 
ridges, grooves and ellipsoidal shaped pores with the long axis oriented in the 
direction of the fiber axis. The apparent elongation of the pores, ridges and grooves 
along the fiber axis could be an indication of a uniaxial extension of the phase fluidic 
jet during the electrospinning process. It should be stressed that unlike other reported 
porous fibers [163, 164], these leached fibers contained pores not only on the surfaces 
but also inside the fibers. In other words, with gelatin as the porogen or template and 




morphology is also supportive of the previous results of phase separation studies 
conducted using AFM and FESEM. The formation of 3-D porous fibers has therefore 













Figure 4.12 High resolution FESEM images of fiber morphologies before (a, 5,000x) 
(c, 40,000x) and after (b, 5,000x), and (d, 40,000x) leaching of gelatin component at 
19 days. 
 
Since the leaching-resultant fibers are continuous, rather than forming discrete fibrils 
or segments, it can be concluded that the two phases within the composite fibers, in 






bi-continuous phase. Such leaching treatment on a bi-continuous material would lead 
to a porous solid with typically good mechanical properties as well as certain 
advantageous structural properties [165]. Furthermore, it is also of interest to note that 
apart from the unique topographical features, leaching treatment also slightly reduced 
the fiber diameters. As shown in Figure 4.13, the averaged diameter of the 
post-leaching fibers decreased to about 800 nm from its pristine 900 nm based on the 
























Figure 4.13 Fiber diameter distributions before and after leaching treatment. 
 
With the available porous fibers, we may want to figure out the derived surface area. 
The specific surface area of pristine Gt/PCL fibers, with a known size distribution as 







iis dd4000A αρα      (4.1) 
 




fiber respectively, and ρ is the polymer density (NB: equation 4.1 can be derived as 
follows: 1) for a certain length of fiber, the specific surface area can be derived to be 
A/m =4000/ρd, where A is the surface area in square meter, m is the mass in gram, ρ 
is the density (g/cm3), and d is the fiber diameter in nm; 2) with 1), if we know the 
fiber diameter distribution, equation 4.1 can be derived). However, considering the 
irregularity of the pores and grooves in the leached fibers, it would be difficult to 
theoretically estimate the specific surface area. We used a conventional N2 physical 
adsorption method to measure the BET surface area based on the established 
Brunauer-Emmett-Teller (BET) theory. The BET method has been previously 
employed to measure surface area of electrospun nanofibers of polyethylene oxide 


































Figure 4.14 Comparisons of specific surface areas of the electrospun Gt/PCL fibers 





BET results indicate that the 3-D porous fibers possess a surface area of about 2.4 
times of the pristine Gt/PCL fibers (Figure 4.14). This value would correspond to a 
surface area of 200-300 nm fibers. In other words, porous fibers with averaged fiber 
diameters of about 800 nm actually possess a higher surface area equivalent to that 
of smaller diameter fibers of around 200-300 nm. Although a reduction of fiber size 
to about 800 nm from its original 900 nm contributed to the increase of surface area, 
such an increase only accounted for ca. 8 % if calculated based on equation (4.1) and 
the fiber size distribution. The extra surface area created was mainly contributed by 
the pore formation after the leaching treatment. It is clear that the introduction of 
porous structure to the fibers has tremendously enlarged the surface area.  
 
The leaching-resultant 3-D porous fibers will hold some significance in the tissue 
engineering related applications. Firstly, the three dimensional, highly porous 
structure can provide extra space for provision of nutrients and transport of 
metabolic wastes, which are essential for the cellular ingrowth to a deeper level 
inside the nanofibrous scaffold. A better cell infiltration will consequently favor the 
formation and integrity of cell-scaffold complex. Secondly, the 3-D porous fibers 
also provide the possibility to study the nanotopographical effect of nanofibers on 
cell behaviour because many studies have shown that nanotopographical features of 
a scaffold can indeed affect cellular activities [81, 171]. Lastly, from the material 
biodegradation point of view, the extremely high surface area and porous structure 




polymers, e.g., PCL. 
 
Figure 4.15 The relationship of fiber surface area vs size  
[As, ρ, and d are the surface area, polymer density, and diameter of the nanofibers, 
respectively]  
 
In a broad sense, current leaching approach can provide a novel and promising 
approach to create exceptionally large surface area of electrospun fibers with 
potential surface area far larger than the order of ~ 10 m2/g. As a widely used 
ultrafine fiber fabrication technology, electrospinning is advantageous over its 
counterpart approaches such as phase separation and self-assembly [106]. However, 
it is still a big challenge to produce extremely fine nanofibers with surface area 
larger than 30-40 m2/g which corresponds to a fiber size of smaller than 100 nm 
(refer to Figure 4.15). To achieve this, further reducing the electrospun fiber 




solution. However, this will usually give rise to the adverse problem of having many 
bead-like morphological defects along the fibers. An alternative way to develop even 
higher specific surface area of electrospun nanofibers is through inducing pore-like 




The concept of leaching process was demonstrated workable on the composite 
nanofiber of Gt/PCL. DSC, AFM phase imaging, and high resolution FESEM 
confirmed the phase separation in the Gt/PCL composite fiber. After a progressive 
leaching treatment, the fiber exhibited morphology with many irregular grooves, 
strips and elliptical pores on its surface and inside the fibers, suggesting the 
formation of a 3-D porous structure on individual nanofibers. BET surface area 
measurement indicated that such porous structure can contribute a substantial 
increase on the accessible surface area as compared to its pristine form. Formation of 
3-D porous fibers has provided evidence for our earlier speculation. Furthermore, 
present straightforward leaching method can provide a facile technique in 
developing high surface area and highly porous fiber structures for desired 
integration between living cells and nanofibrous scaffold, as well as other surface 







Core-Sheath Structured Composite Nanofibers  
 
5.1 Introduction 
Apart from polymer blending to get composite nanofibers as discussed in Chapter 4, 
another fashion of composite nanofiber is its structure designed in the form of a 
core-sheath. Conventionally, a core-sheath larger sized fiber consists of a core of one 
type of polymer and a shell (or cladding) of a different polymer. The fiber’s 
mechanical properties are chiefly dictated by the core material, whereas the shell 
polymer offers external functions or properties (e.g., adhesion, friction, softness). 
Similarly, in electrospinning by functionalizing the surface of nanofibers with 
bioactive macromolecules (to improve bioactivity) and with synthetic polymer as core 
(to remain mechanical advantage), core-sheath nanofibers would be a possible 
solution for the polymer-compatibility-induced limited improvement in the 
mechanical properties of Gt/PCL blend nanofibers as reported in section 4.2.3.1. On 
the other hand, with our interest of nanofibers for tissue engineering applications, 
there are substantial needs of preserving biological agents (e.g., growth factors) from 
loss of bioactivity in a harsh environment, and delivering a biomolecular drug in a 





However, by the time we embarked on developing core-sheath composite nanofibers, 
except for a report on using electro-hydrodynamic (EHD) to produce 
micro-/nano-capsules [173], there is no literature on using electrospinning approach to 
generate core-sheath type nanofibers, until the first publication dealing with coaxial 
electrospinning was published in the end of 2003 by Sun et al [174]. Figure 5.1 
schematically shows the coaxial electrospinning principle in generating core-sheath 
nanofibers. Clearly, coaxial electrospinning is particularly useful in producing various 
types of functional nanofibers (Figure 5.2). In this Chapter, we will first investigate 
the feasibility of using coaxial electrospinning to develop core-sheath composite 
nanofibers and relevant structural characterization; then explore its potential 
applications as biomimetic and bioactive scaffolds and as carrier device for sustained 
delivery of biomacromolecules. The three inter-relevant parts are detailed in sections 







Figure 5.1 Coaxial electrospinning (a), and cross-sectional view of resultant 






Figure 5.2 Types of functional composite nanofibers from coaxial electrospinning. 
 
5.2 Development of the coaxial electrospinning process 
 
5.2.1 Objective 
The objective in this section is to explore the feasibility of generating core-sheath 
composite nanofibers. As the coaxial electrospinning involves using fluids for inner 
and outer capillaries, the two fluids were purposefully selected such that: 1) both 
fluids are electrospinnable (section 5.2.2); and 2) the outer fluid is spinnable while 




5.2.2 Core-shell nanofibers from two electrospinnable solutions 
 
5.2.2.1 Materials 
The two polymer solutions of PCL/TFE (10% w/v) and Gt/TFE (10% w/v), which 
are electrospinnable and had been used in Chapter 4 were selected as shell and core 
solutions respectively. In order to study the concentration effect, inner solution 
Gt/TFE at concentrations of 7.5%, 10.0%, 12.5%, and 15% were also prepared. 
 
5.2.2.2 A simple setup for coaxial electrospinning 
The basic experimental setup is schematically shown in Figure 5.3a. The inner 
capillary tube, also acting as an electrode for the two spinning dopes, is connected to 
an electrical potential of several to tens of kilovolts relative to a ground electrode, 
the collector. Two immiscible liquid solutions, represented in different colors for an 
obvious contrast, are injected at appropriate flow rates through the two 
concentrically arranged capillary tubes. The inner flow rate was adjusted by a 
syringe pump, whereas the outer tube was opened to the atmosphere. At certain 
range of applied electrical potential and flow rate, a structured Taylor cone would be 
formed at the exit of the coaxial tubes with an outer meniscus surrounding the inner 
one. A liquid thread is issued from the vertex of each one of the two menisci, giving 
rise to a compound jet. After evaporation of the solvents during the course of jet 
























Figure 5.3 Schematic of a coaxial electrospinning setup (a) used in our experiment 
to generate core-shell structured PCL-r-Gelatin (denoting PCL shell wraps Gelatin 
core) composite nanofibers, and (b) actual setup and the coaxial spinneret consisting 
of one syringe needle and a fitting attached to a syringe tip. 
collector
core-shell nanofibers
high voltage DC generator 
inner and outer dopes
inlet of the 
inner dope 





In Figure 5.3b, the compound spinneret is formed by attaching a syringe PP Luer 
fitting (OD 2.5 mm, ID 1.5 mm) to a 10 ml medical plastic syringe which was 
attached with an 18 G stainless steel needle (OD 1.2 mm, ID 0.84 mm). The stainless 
steel needle is connected to a 30 cm long Teflon tubing (ID 1.0 mm) for feeding the 
inner dope using the syringe pump. The core-shell structured PCL-r-Gelatin 
(denoting PCL as shell and Gelatin as core) composite nanofibers were obtained by 
using the following processing conditions: gap distance 12 cm, electrical voltage 
14.8 kV, inner dope flow rate 0.4 ml/h, ambient temperature 20.9 °C, and humidity 
73%.  
 
5.2.2.3 Characterization of the core-sheath structure 
Verification of the core-sheath structure was conducted using a JEOL JEM-2010F 
FasTEM Field Emission Electron Microscope operated at 100 KeV. The coaxially 
electrospun composite nanofiber samples for the TEM observation were prepared by 
directly depositing the as-spun fibers onto copper grids which had been coated with 
a supportive Formvar film. The samples were dried in a vacuum oven for 48 hours at 
room temperature prior to TEM imaging.  
 
Typical TEM images of the composite nanofibers are shown in Figure 5.4. Sharp 
boundaries of the core-shell structure along the length of the fiber can be clearly seen 
in Figures 5.4b, c, d. The strong contrasts in these TEM photographs can be 




Gelatin made the mutual diffusion of macromolecules impossible, and 2) as 
explained by Sun et al. [174], the characteristic time of the bending instability during 
electrospinning was much shorter than that of diffusion spreading so that the sharp 















Figure 5.4 TEM images of core-shell structured PCL-r-Gelatin composite 
nanofibers electrospun from 10w/v % Gelatin/TFE and 10w/v % PCL/TFE: (a) 
overview of nanofibers on a copper grid; (b) and (c) segments of the nanofibers with 






The TEM photographs also indicate that the composite nanofibers had an overall 
diameter between 100 to 300 nm, with a core diameter below 100 nm. The extremely 
fine size and variation of core diameters along the fiber axis indicated that the effect 
of the inner fluid in terms of thinning a compound fluid jet to submicron or 
nanoscale size during the coaxial electrospinning was dominant. Occasionally, we 
also found there were cases where the inner component skewed to the extent of a 
half-by-half morphology (Figure 5.4d). This phenomenon may be attributed to the 
flow instability of the inner dope and the bending instability during the 
electrospinning process [31, 175]. The interfacial instability was also demonstrated 
in [174]. 
 
To further confirm the core-shell structure, an XPS experiment was performed to 
examine the chemical characteristics of the surface of PCL-r-Gelatin composite 
nanofibers. Since Gelatin is a protein, an absence of N peak on the XPS spectra will 
facilitate to illustrate the nanofiber structure. Figure 5.5 shows the XPS spectra of 
the electrospun nanofibers of pure Gelatin and PCL-r-Gelatin composite performed 
in a VG ESCALAB 220I-XL system. Apart from the presence of C 1s and O 1s 
peaks at ca. 290 eV and 540 eV, respectively, on the XPS spectra, there was indeed 
an absence of the N 1s signal at the binding energy of ca 400 eV on the XPS 
spectrum of PCL-r-Gelatin nanofibers (Figure 5.5a). This implied that the Gelatin 
component in the core was not contaminated with the PCL on the shell. Since XPS 




specimen [176], it is reasonable to draw a conclusion that the absence of traces of the 



















Figure 5.5 XPS spectra of the PCL-r-Gelatin composite nanofibers (a), and pure 
Gelatin nanofibers (b). 
5.2.2.4 Concentration effect 
We further investigated the influence of different mass concentrations in the inner 
dope, while maintaining a fixed one in the outer dope, on the geometry of the 
resultant composite nanofibers. This was done by varying the gelatin concentration 
at an increment of 2.5 w/v % from 7.5 w/v % to 15 w/v %. The resulting composite 









variation of the averaged diameters (for both core and overall diameters of the 
nanofiber) relative to the gelatin concentrations was plotted in Figure 5.6a. It shows 
that increasing the gelatin concentration resulted in an increase not only in the core 
size, but also the overall fiber diameter. When the concentration was below 12.5 w/v 
%, the core and the overall diameters were less than 200 nm and 400 nm, 
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Figure 5.6 Effects of inner dope concentrations on the diameter of core component 
and total dimension of composite nanofibers (a), and on the content of the wrapped 




A quantitative analysis on the effect of the gelatin concentration on the amount of 
the core component (which can also reflect an influence on the shell thickness) can 
be determined in terms of the ratio of inner to outer diameters (Di to Do). Results in 
Figure 5.6b indicated that the higher the concentration in the inner dope, the thinner 
the shell thickness and the larger the amount of core component wrapped, which can 
be attributed to die swell effect. In particular, when the concentration was greater 
than 12.5%, nearly 60% of the fiber volume was occupied by the core component. In 
some cases, the shell thickness of the core-shell structured nanofiber was so thin that 
it even resembled a coating of one substance over the other (Figure 5.7). This kind 
of structure may greatly enhance the efficacy of the nanofibers in various fields of 
applications. For example, one may use collagen (functional component) as shell and 
a synthetic polymer (better mechanical performance) as core to develop core-shell 








Figure 5.7 Typical TEM photograph of PCL ‘coated’ gelatin nanofibers coaxially 




5.2.3 Core-shell nanofibers with non-electrospinnable inner solution 
 
5.2.3.1 Materials 
Outer solution: PCL/TFE, 120 mg/mL 
Inner solution: mono-dispersed Fe52Pt48 nanoparticles (ca. 4 nm) in hexane at a 
concentration of 5 mg/mL. The FePt magnetic nanoparticles was synthesized 
following a chemical synthesis method as reported by Sun et al. [177] and supplied 
by the Data Storage Institute, National University of Singapore. 
 
5.2.3.2 Design and fabrication of coaxial electrospinneret 
Although the device, in particular, the compound spinneret constructed from a 
syringe-in-syringe method used in Figure 5.3b is able to produce core-shell 
nanofibers, the drawback is the outer flow rate cannot be controlled with it. 
Therefore, a customized spinneret was designed and fabricated as shown in Figure 
5.8. The sub-assemblage of copper Tube 1 and steel needles 1, 2, which is also used 
as the electrode for charging the spinning dopes by applying high voltage at needle 1, 
forms the feeding channel for the inner fluid; while the outer fluid goes through the 
side needle 3 mounted through the Teflon wall of Tube 2. The exit orifice diameters 
of the inner and outer capillaries are φ 1.1 and φ 2.5 mm, respectively. The general 
features of this customized electrospinneret are: 1) a better concentricity for the 
concerned inner and outer capillaries; 2) controllable flow rates for both the inner 




and 4) changeable tubular gap between the openings. This design would facilitate 
operational adjustment in getting a stable compound spinning jet, and offers a 















                (b)                                  (c) 
Figure 5.8 Schematic illustration of (a) a custommade coaxial electrospinning 





5.2.3.3 Encapsulation of FePt magnetic nanoparticles in PCL nanofibers 
With the customised setup in the section 5.2.3.2, PCL-r-FePt (denoting a compound 
of the PCL shell wraps the FePt core) composite nanofibers were fabricated. In a 
typical coaxial electrospinning procedure, the FePt hexane solution was first fed to 
the needle 1 through the connecting Teflon tube 1 at determined flow rates controlled 
by a syringe pump, while the shell fluid of PCL/TFE was simultaneously fed to the 
side needle 3 and its flow rate was controlled by a second syringe pump. An 
electrical potential was applied to the electrospinneret at the location of needle 1. By 
adjusting the processing parameters such as flow rates, applied voltages, and gap 
distances to get a stable compound jet, a thread-like jet was continuously pulled out 
of its Taylor cone without breakage. The following process variables were used to 
obtain PCL nanofibers that encapsulate self-assembled FePt nanoparticles: 14 cm 
gap distance, 11.0 kV applied voltage, 0.4-0.8 mL/h inner flow rate, 2.0 mL/h outer 
flow rate, 22.5 ºC ambient temperature, and 75 % ambient humidity. 
 
5.2.3.4 Characterization of microstructure  
TEM observation was carried out as that described in section 5.2.2.3. Figures 5.9b-f 
show TEM images of the coaxially eletrospun PCL nanofibers containing the FePt 
nanoparticles. The array of the self-assembled FePt nanoparticles was encapsulated 
along the axis of the PCL nanofibers. The self-assembled FePt array in the PCL does 
not show up as clear as that on a clean substrate (Figure 5.9a). This may be 




observation. By adjusting flow rate of the inner fluid, different FePt arrays were 
encapsulated in the PCL nanofibers. For example, the thin and thick arrays of FePt 
nanoparticles are shown in Figures 5.9c and 5.9d, respectively. In few cases, the 
FePt array deviated from the fiber axis (Figure 5.9e) or was fluctuated (Figure 5.9f). 
This is likely due to disturbance of the bending instability of the coaxial 
electrospinning. The encapsulated array of the self-assembled FePt nanoparticles 
was discontinuous but able to reach a length of 3,000 nm along the fiber axis as 
shown in the TEM image. The coaxially electrospun fibers were uniform with 
diameter ranging from 100 to 500 nm.  
 
X-ray photoelectron spectroscopic (XPS) measurement of the coaxial-electrospun 
PCL-r-FePt composite nanofibers was made using a Physical Electronics Quartera 
SXM scanning ESCA microprobe with an Al Kα X-ray source (1486.7eV) and a 
hemispherical energy analyzer. The survey spectrum (same as Figure 5.5a) of the 
PCL-r-FePt nanofibers is well consistent with that of the pristine PCL polymer, even 
though the sample appears soiled-brown with the presence of black FePt 
nanoparticles. Apart from the presence of C 1s and O 1s peaks at about 285 eV and 
532 eV, respectively, on the XPS spectrum, there was an absence of the signals of Fe 
2p3/2 and Pt 4f7/2 at about 707 eV and 71 eV respectively. Because the intensitive 
factors of Fe and Pt are much higher than those of C and O, absence of their peaks 





















Figure 5.9 TEM images of self-assembled FePt nanoparticles on a silicon substrate 
(a) and a segment of the PCL nanofiber encapsulating self-assembled FePt 
nanoparticles at low magnification (b); at high magnification (c); a thick 
self-assembly of FePt nanoparticles encapsulated in the PCL nanofiber along the axis 
(d) (inset is its low magnified image); an FePt self-assembly deviated from the fiber 








The dilute hexane solution containing discrete FePt nanoparticles (5 mg/mL) cannot 
be electrospun with the conventional electrospinning technique, but can be coaxially 
electrospun to produce a fiber-like array of FePt nanoparticles with the help of the 
PCL fluid in this study. This is because the electrospinnable PCL fluid can form a 
sheath around the inner FePt hexane fluid, which entrains the latter and stabilizes it 
against breaking-up into droplets during the bending instability of electrospinning. 
Rapid stretching of the shell fluid can cause strong viscous stress, which will be 
passed onto the core fluid. Tangential to the jet line, the shear stress will stretch the 
core fluid along with the shell fluid via mechanisms such as viscous dragging and/or 
contact friction [178]. Similarly, such shear force overcomes the surface tension of 
the hexane solution and limits the FePt self-assembly to within hundreds of 
nanometers. As a result, the long-range ordering of FePt array can be formed along 
the fiber axis. Non-electrospinnable materials can be forced into 1-D structure by 
coaxial electrospinning with good shell-forming polymers [174, 178-180]. 
 
5.2.3.5 Flow rate effect 
Figure 5.10 shows the distribution of diameters of PCL-r-FePt composite nanofibers 
at different core flow rates. Interestingly, the distribution of the nanofiber diameters 
is quite coincident even the inner flow rate varies at 0.4, 0.6 and 0.8 ml/h. The 
possible underlying reason is that the inner solution of FePt/Hexane which is not a 
viscoelastic fluid as that of polymeric ones would minimize the die effect during 




fluid has no significant effect on the overall fiber size, suggesting its advantage in 
producing high loading of magnetic nanoparticles. This helps to enhance high 




















































Figure 5.10 The distribution of diameters of PCL-r-FePt composite nanofibers at 
different core flow rates of 0.4 ml/h (○), 0.6 ml/h (∆), and 0.8 ml/h (□). 
 
5.2.3.6 Patterned magnetic nanofibers 
Besides randomly arranged electrospun PCL-r-FePt nanofibers, a uni-axial 
alignment of the nanofibers was also readily fabricated using a frame collection 
device [3, 42, 46, 181]. The uni-axial alignment of the PCL-r-FePt nanofibers was 
achieved by collecting the electrospun nanofibers over a 4 cm-gap frame formed 
between two conductive rods. As a result of electrostatic interactions, the nanofibers 
can be stretched to form a parallel alignment across the gap. Figure 5.11 shows 




electrospun nanofibers into multilayered films with well-defined hierarchical 
structures by controlling the configuration for patterned conductive collectors [42]. 
Thus, the coaxially electrospun nanofibers and their 2-D or 3-D arrangement could 
serve as a new platform to manipulate the spatial locations and orientation of 







Figure 5.11  The uniaxially aligned PCL-r-FePt nanofibers observed under optical 
microscope (a) and field emission-scanning electron microscope (FESEM) (b). 
 
5.2.4 Conclusions 
Core-shell structured composite nanofibers can be produced from coaxial 
electrospinning of electrospinnable fluids or the non-electrospinnable fluid intended 
to be encapsulated by an electrospinnable shell polymer solution. Direct TEM 
observation and indirect XPS analysis provide effective characterization means to 
identify the encapsulation effect. It was also found that by varying the concentration 
of the inner polymer solution of gelatin/TFE from 7.5 to 15w/v %, nanofiber 





nonviscoelastic fluid of FePt/hexane, there is no noticeable changes in the fiber size. 
These processing studies form the basis for the following investigations on using 
core-shell type nanofibers for scaffolding and releasing applications. 
 
5.3 Core-sheath composite nanofibers as cellular scaffolds 
 
5.3.1 Objective 
The primary objective of this study is to demonstrate the efficacy of using 
core-sheath composite structure to impart nanofibrous scaffolds bioactivity. The type 
I collagen will form the sheath and aid in cell adhesion and proliferation while the 
PCL will be the core to impart better strength and elasticity. Such composite 
nanofibers can be an alternative solution for the problem of hydrophobicity and poor 
cell affinity of those synthetic polymeric nanofibers. The use of water insoluble 
collagen type I instead of previous studied gelatin is because the gelatin material, if 
used as sheath, will be dissolved in water upon cell culturing.  
 
5.3.2 Experimental details 
 
5.3.2.1 Materials 
Polymers of granular PCL (Mn 80,000, Aldrich) and Type I Collagen from calf skin 
in foam form, and solvents of 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) and 




purchased from Sigma-Aldrich, Inc. (St. Louis, MO). Methanol and chloroform were 
obtained from Merck, Germany.  
 
5.3.2.2 Sample preparation 
The inner and outer solutions used for coaxial electrospinning were PCL/TFE (100 
mg/mL) and collagen/TFE (72 mg/mL), respectively. The electrospinning parameters 
for obtaining the Collagen-r-PCL nanofibers (denoting a composite structure of 
collagen as sheath and PCL as core) were as follows: 12 cm gap distance, 15.8 kV 
applied voltage, 0.7 ml/h inner flow rate, 21.5 °C ambient temperature, and 75% 
ambient humidity. All of the electrospun fibrous membranes were stored in 
desiccators for a couple of days before subsequent use.  
 
To compare the efficacy of using Collagen-r-PCL composite nanofibers for 
scaffolding, nanofibrous scaffolds (on 15 mm diameter coverslips) of PCL, collagen 
coated PCL, and collagen were prepared from a normal electrospinning process and 
used as controls. In brief, the PCL nanofibrous scaffolds were made from 
electrospinning a PCL solution (7.5% w/v in methanol and chloroform mixed at a 
ratio of 1:3) with following parameters: 13 cm gap distance, 0.75 ml/h flow rate, 
applied voltage 12.5 kV. Collagen coated PCL nanofibrous scaffolds were then 
prepared by immersing the PCL nanofibrous scaffolds into a collagen solution (10 
mg/mL in 0.05 M acetic acid) overnight; afterwards the constructs were washed 




from collagen/HFP (75 mg/mL) were prepared using the same processing parameters 
as that of PCL. 
 
5.3.2.3 Electron microscopy 
The electrospun nanofibrous membranes were sputter coated (JEOL JFC-1200 Fine 
Coater) with gold up to 90 s, and their morphologies were observed by a scanning 
electron microscope (JEOL JSM-5600, Japan) at an accelerating voltage of 15 kV. 
Diameters of the electrospun fibers were analyzed based on the obtained SEM 
images. The core-shell structure of the coaxially electrospun Collagen-r-PCL 
composite nanofibers was examined using a JEOL JEM-2010F FasTEM Field 
Emission Transmission Electron Microscope as described in Section 5.2.2.3.  
 
5.3.2.4 In vitro cell culture 
The nanofibrous scaffolds of PCL, collagen coated PCL, collagen and 
Collagen-r-PCL on circular glass coverslips (φ15 mm) were placed in 24 well cell 
culture plates for sterilizing and prewetting by decreasing concentrations of ethanol 
for 1-2 days. Thereafter, the scaffolds were soaked in PBS (pH = 7.4) and in cell 
culture medium overnight prior to cell seeding in order to facilitate protein 
absorption and cell attachment onto the nanofibers. The human dermal fibroblasts 
used in section 3.2.3 were then seeded (1 x 10P4 P cells/cmP2 P) on control tissue culture 
plate (TCP), nanofibrous matrices of PCL, collagen coated PCL, collagen, and 




monitored after 2, 4, and 6 days by MTS assay. After 6 days of cell proliferation, the 
HDF grown on different scaffolds were washed with PBS to remove non-adherent 
cells, fixed in 4% glutaraldehyde for 1 hour at room temperature, dehydrated through 
a series of graded alcohol series, and finally dried with hexamethyldisilazan 
overnight to maintain the normal cell morphology. The dried cellular constructs were 
sputter coated with gold and observed with the SEM machine at an accelerating 
voltage of 15 kV. 
 
5.3.2.5 Statistical analysis 
All quantitative results were obtained from triplicate samples. Data was expressed as 
the mean ± SD. Statistical analysis was carried out using unpaired student’s t-test. A 




5.3.3.1 Morphology of the nanofibers 
Beads free and relatively uniform ultrafine fibers of PCL and collagen were prepared 
as shown in Figure 5.12. The SEM images show that the electrospun nanofibers 
possess a common feature of being randomly oriented structures. The average 
diameters measured for PCL and collagen nanofibers are in the ranges of 318 ± 131 














Figure 5.13 TEM image of an individual Collagen-r-PCL composite nanofiber (a) 
with collagen as the shell material and PCL the support part; for the comparison 
purpose, (b) is the TEM image of a pure PCL nanofiber. 
 
For the coaxially electrospun Collagen-r-PCL composite nanofibers, TEM image 
(Figure 5.13a) clearly indicates the formation of core-shell structure, with the dark 






resembles a “coating” of collagen onto individual PCL nanofibers. For a comparison 
purpose, Figure 5.13b gives the TEM image of a segment of PCL nanofibers 
produced from a normal electrospinning. The inset in Figure 5.13a is the SEM 
microphotograph of Collagen-r-PCL composite nanofibers, which had similar 
morphology as that of the PCL and collagen nanofibers with an average diameter of 
385 ± 82 nm, and coating thickness of 64 ± 26 nm. 
 
5.3.3.2 Cell proliferation 
Time























Figure 5.14 Cell proliferation of human dermal fibroblasts by MTS assay. 
 
Proliferation data of the dermal fibroblasts after 2, 4 and 6 days of in vitro culturing 
were plotted in Figure 5.14. The PCL nanofibers showed a significant level (P<0.05) 
of slow growth in cell proliferation throughout the designated three time intervals 




Collagn-r-PCL composite nanofibers, we may limit our comparison to the nanofibers 
of PCL, collagen coated PCL and Collagen-r-PCL. It was found compared to PCL, 
fibrous scaffolds containing collagens gave rise to very distinct differences -- the 
significance level increases to P<0.001 at day 6 from P<0.05 at day 2. Furthermore, 
we identified that the HDF proliferation seemed to be collagen-‘coating’ means 
dependent – the Collagen-r-PCL is significantly more favorable (P<0.001) for cells 
proliferation than that of the collagen coated PCL. Compared to the PCL, the HDF 
density on the Collagen-r-PCL almost linearly increased by 19.5% (2 days), 22.9% 
(4 days), and 31.8% (6 days). In contrast, the collagen coated PCL increased only by 
5.5% (2 days), 11.0% (4 days), and 21.0% (6 days). Comparisons between the 
Collagen-r-PCL and the collagen nanofibers, although proliferation data of the 
collagen-r-PCL is slightly lower than that of the collagen, t-test indicates that there is 
no statistically significant difference in cell proliferation between the two 
nanofibrous matrices.  
                 
5.3.3.3 Cell morphology 
Morphology observations of the HDF after 6 days in vitro culture on the different 
scaffolds were examined by SEM and presented in Figures 5.15 and 5.16. Although 
the dermal fibroblasts were attached and spread well and normal cell morphology 
was seen with all of the culturing substrates, the cell-scaffold interactions indeed 
varied for different scaffolds. This was firstly reflected by a difference in reaching 




substrates of the collagen (Figure 5.15d, Fig 5.16d) and TCP control, whereas this 
did not happen for the others. Visually, varied extents of cell spreading around the 
nanofibrous scaffolds of the PCL, collagen coated PCL, and Collagen-r-PCL would 
indicate the differences in cell proliferation. The PCL nanofibers subjected to 
‘coating’ (Figures 5.15b and 5.15c) were attached with much more cells than those 
of the pristine PCL. This is consistent with the proliferation analysis done in the 
section 5.3.3.2.  
  
  
Figure 5.15 Cell morphology of HDFs (day 6) at 100x magnification on different 
fibrous scaffolds: a) pure PCL; b) collagen coated PCL; c) Collagen-r-PCL; and d) 
pure collagen nanofibers. 
 
A close view of cell-scaffold interaction in terms of cell migration is presented in 






reported [40, 157, 182]. In the present situation, since HDFs on the collagen fibrous 
scaffold were already in confluence, we can only see the layered cells. For the cases 
of PCL involved nanofibers, interestingly, cells that penetrate beneath the 
Collagen-r-PCL composite nanofibrous scaffolds can be clearly seen (Figure 5.16a). 
However, there is no such finding either in the pristine PCL or the collagen coated 
PCL nanofibrous scaffolds, implying that a direct coating of collagen onto PCL 
would only be helpful in improving the cell proliferation behavior facially. Its action 





Figure 5.16 A comparison of cell morphology on different nanofibrous scaffolds: a) 









5.3.4.1 Core-sheath structured composite nanofibers 
To improve the hydrophilicity and cellular affinity, apart from our earlier random 
blending approach, surface modification techniques can also be used [183-185]. A 
common scheme for surface modification is that inert polymer is first subjected to 
pretreatment via techniques such as argon plasma pretreatment, or UV irradiation to 
generate reactive species (e.g., hydroxyl, peroxide and hydroperoxide) before 
proceeding to subsequent graft copolymerization and immobilization of 
biomacromolecules. However, since the nanofibers are so delicate compared to its 
bulk form, their nanofibrous form can be severely destroyed and mechanical 
properties compromised tremendously after experiencing those harsh pretreatment 
conditions [184, 185]. Furthermore, as the plasma effect only happens to a depth of 
several hundred angstroms, a deeper surface modification of the scaffold structure 
may be difficult to attain.  
 
Another approach is coating by immersing the nanofibrous scaffolds into a 
protein-rich media (such as collagen) for a certain period of time prior to cell seeding 
so as to facilitate cell attachment [10, 49], as current case of collagen coated PCL. 
Since the majority of polyester type biodegradable polymers, e.g., PLA and PCL, are 
hydrophobic and taking into account the fact that nanofibrous structures contribute 




shallow surface of the whole nanofibrous structure rather than on all individual 
fibers. This may result in poor coating effect. Comparatively, core-sheath structured 
nanofibers could be prepared by coaxial electrospinning, with the advantages of 
being possible to control the shell thickness and manipulate the overall mechanical 
strength, wettability and degradation properties of the resulting composite 
nanofibers.   
 
5.3.4.2 Cell-scaffold interaction 
Numerous studies have demonstrated that cell-scaffold interaction in the first place is 
dependent on the chemical characteristics of the scaffolds, which will determine the 
hydrophilicity and cellular affinity. In Chapter 4, we used a mixed solution of PCL 
and gelatin (1:1) to prepare blended Gt/PCL composite nanofibers through 
electrospinning, and achieved encouraging results in improving the cell-scaffold 
interactions. In this study, we compounded synthetic and natural polymers in the 
form of a core-shell structure -- with the synthetic PCL (better mechanical 
performance) as core/structural component and natural biomacromolecules collagen 
as sheath for improving bioactivity. The experimental results have shown that 
although synthetic biodegradable PCL supports cell growth, in order to proliferate 
more and encourage cell penetration for better integration between cells and the 
scaffold, the biologically inert PCL nanofibers need effective surface coatings of 
bioactive molecules. In other words, materials complex at nano- and macro-levels 




implied a direct coating by simply soaking the nanofibrous membrane in the coating 
medium had poor coating effect. Since the fiber diameters for the PCL and 
collagen-r-PCL are comparable, the favorable response of HDF on the 
collagen-r-PCL nanofibrous membranes can be explained as a result of effective 
presence of collagen biomacromolecules on the PCL nanofibers.  
   
The phenomenon of cell ingrowth into a nanofiber structure has been doubted by 
many researchers due to the small ‘pores’ formed through inter-lacing of 
nanofibers[155, 186]. Results from present work and earlier reports [40, 182] 
indicated the capability of cells infiltration. We attribute this as a materials 
compounding effect at nanoscale: 1) Good hydrophilicity and presence of natural 
collagen from the core-sheath nanofibers provide nano-/micro- environment similar 
to that of a 3-D natural ECM [5], which would facilitate transportation of nutrient 
and metabolic waste, and regulate cell migration to a deeper level within the 
nanofibrous scaffolds. 2) Both the loosely interlaced fibrous structure and the weak 
nanoscale fibers provide the least obstruction and yet matched mechanical properties 
for cell movements. Unlike “dead” microsized dust particles, the living cells entering 
into the matrix through amoeboid movement to migrate through the pores can push 
the surrounding fibers aside to expand the hole as the small and weak nanofibers 
offer little resistance to the cell movement. This dynamic architecture of the fibers 
provides the cells to adjust according to the pore size and grow into the nanofiber 




loosely laced fibro-porous nanofibrous structure could favor the cells modulating 





This study demonstrated the feasibility and efficacy of using core-sheath composite 
nanofibers for improving cell-scaffold interactions in tissue engineering applications. 
The results indicated that the individual synthetic nanofibers coated with collagen on 
their surfaces (i.e., collagen-r-PCL) tend to resemble the natural ECM rather than the 
collagen coated and the pristine PCL nanofibers. Therefore, cells have more 
propensities to interact well with the former than the latter, suggesting a greater 
ability of using this biomimetic and bioactive composite nanofibers in constructing 
complex sets of cellular constructs in engineering tissues. 
 
5.4 Core-sheath composite nanofibers for sustained release 
 
5.4.1 Introduction 
From tissue engineering point of view, besides cells and scaffold, another 
indispensable and important element is the growth factor, which should be delivered 
in a sustained manner without loss of its bioactivity. Many critical phenomena in 




expression, are influenced by soluble signaling proteins of varied growth factors [20]. 
Consequently, morphological mimicking nanofiber scaffolds, if coupled with a 
function of controlled delivery of various growth factors, would provide both 
morphological/micromechanical and biochemically specific clues for the assembly 
of regenerating tissues.  
 
However, research in this context is still quite limited although using electrospun 
nanofibers for drug releases for pharmaceutical applications has been reported. 
Furthermore, it was noticed that all of the drug-incorporated nanofibers were 
prepared by simply electrospinning blends of drug and polymer carriers. However, 
the major disadvantage of this blend-electrospinning procedure is the severe burst 
release phenomenon [59, 188, 189]. Burst releases lead to higher initial drug delivery 
and reducing the effective lifetime of the device [190]. Many investigations using 
nanofibers for release applications have demonstrated the weakness of 
blend-electrospinning method and highlighted the significant role of drug-carrier 
interaction in controlled releases [61, 189, 191, 192]. Another disadvantage is, 
during preparation of spinning solution and blend-electrospinning process, the long 
time exposure of bioactive proteins to harsh organic solvent environment, would 
potentially make proteins denatured to lose its biological activity. Same problem will 
take place during application stage as well. Therefore, it would be beneficial to 
address the raised issues by encapsulating or entrapping the drugs inside the 




matrix.     
 
This study first investigated the feasibility of encapsulating a non-electrospinnable 
model protein (i.e., fitcBSA) along with a water soluble poly(ethylene glycol) (PEG) 
into biodegradable poly(ε-caprolactone) (PCL) nanofibers via the coaxial 
electrospinning technique. Next, an in vitro release study was preliminarily 
conducted to demonstrate the efficacy of using core-sheath composite nanofibers for 
sustained release. For comparative purposes, the same materials used in the coaxial 
electrospinning were blended, homogeneously dispersed and electrospun into blend 
type composite nanofibers using the conventional blend-electrospinning method. 
 
5.4.2 Experimental details 
 
5.4.2.1 Materials 
Granular PCL (Mn 80K, Aldrich) polymer, fluorescein isothiocyanate conjugated 
Bovine Serum Albumin (fitcBSA, molecular weight 67K) and organic solvent 
2,2,2-trifluoroethanol (TFE) (purity 99.0%, Fluka, Buchs, Switzerland) were 
purchased from Sigma-Aldrich, Inc. (St. Louis, MO). Polyethylene glycol (PEG, Mn 
35K) was obtained from Merck. Transparent PCL/TFE solution (12% w/v) was used 
as shell fluid for coaxial electrospinning. To prepare core solution of fitcBSA/PEG, 5 
mg of fitcBSA was dissolved in 5 ml of deionized water, followed by addition of 500 




5.4.2.2 Coaxial electrospinning 
Using the coaxial electrospinning device (Figure 5.8), processing parameters for 
making composite nanofibers PCL-r-fitcBSA/PEG are listed in Table 5.1. 
Differently, composite nanofibers of PCL/fitcBSA/PEG blend were prepared from a 
normal electrospinning. In order to have a same constitutional ratio of the 
components in the PCL/fitcBSA/PEG nanofibers as presented in the coaxially 
electrospun PCL-r-fitcBSA/PEG nanofibers, solution of the PCL/TFE and aqueous 
fitcBSA/PEG used in coaxial electrospinning were mixed at ratios of 1.8:0.2, 1.8:0.4 
and 1.8:0.6 for preparing samples M0.2, M0.4 and M0.6, respectively. The 
processing parameters are also listed in Table 5.1. 
 
Table 5.1 Processing variables for nanofibers of core-shell structured 
PCL-r-fitcBSA/PEG and blend PCL/fitcBSA/PEG * 
 
Flow rate, mL/h Sample 
code 
Gap 







0.2 13 0.2 1.8 10.1 
0.4 13 0.4 1.8 10.3 
0.6 13 0.6 1.8 10.6 
22.7 78 
M0.2 10.5 1.09 6.4 
M0.4 10.5 1.16 6.8 
M0.6 10.5 1.25 7.3 
22.1 79 
* Samples of 0.2, 0.4, and 0.6 were prepared from coaxial electrospinning; while M0.2, M0.4, and 
M0.6 were prepared from a normal electrospinning process but possessed the same component ratios 
as that of core-shell structured ones. The loadings of fitcBSA in the electrospun composite nanofibers 
were calculated to be 0.85 mg/g (samples 0.2 and M0.2), 1.56 mg/g (samples 0.4 and M0.4), and 2.17 






Scanning Electron Microscopy: The electrospun nanofibrous membranes mounted 
on metal stubs by using conductive double-side tape were sputter coated with gold 
up to 90 s in a JEOL JFC-1200 Fine Coater. Their morphologies were then observed 
using a scanning electron microscope (JEOL JSM-5600, Japan) at an accelerating 
voltage of 15 kV. Fiber diameters of the nanofibrous membranes were analyzed with 
90-100 counts to calculate the distribution percentage.  
Laser Confocal Scanning Microscopy: To confirm the presence and distribution of 
fluoresce-labeled BSA in the PCL nanofibers, observation of PCL-r-fitcBSA/PEG 
nanofibers deposited on microscope glass slides was performed using a Laser 
Confocal Scanning Microscope (LCSM, Leica TCS SP2, Germany). The excitation 
and emission wavelengths used are 488 and 535 nm, respectively.   
Transmission Electron Microscopy: Same as described in section 5.2.2.3.  
X-ray Photoelectron Spectroscopy: XPS analysis of the coaxially electrospun 
PCL-r-fitcBSA/PEG nanofibers was conducted on a VG Escalab 2201-XL Base 
System (Thermo VG Scientific, England) with a take-off angle of 90°. 
 
5.4.2.4 In vitro release 
The nanofibrous PCL-r-fitcBSA/PEG and PCL/fitcBSA/PEG membranes were first 
punched into small circulars (∅8 mm) using a Ribbel biopsy punch. The circulars 




predetermined time intervals, the release buffer was completely removed for analysis 
and a fresh 5 ml PBS was replenished for continuing incubation. The fitcBSA 
amount present in the release buffer was determined by Tecan Specta Fluor Plus 
microplate reader at 535 nm. The results were presented in terms of cumulative 
release as a function of release time by following equation: 
Cumulative amount of release, % = ∞M
Mt  x 100    (5.1) 
Where Mt is the amount of BSA released at time t and M∝ is the total amount of BSA 
in the nanofibrous membranes of PCL-r-fitcBSA/PEG. All samples were run in 
triplicate.  
 
At the end of the release study, the remaining samples were separately 
water-removed gently by tissue paper and dissolved in 3 mL of methylene chloride. 
The residual protein was then extracted from the organic phase to the aqueous phase 
by adding 3 mL of PBS (pH 7.4). The amount of protein extracted was similarly 
assayed as described above. The morphologies of the post-release samples were 
assessed using the FESEM, operated at an acceleration voltage of 8-10 kV. 
 
5.4.3 Results & discussion 
 
5.4.3.1 Fiber morphology 




forming fibrous structure. This however would not be a prerequisite for generation of 
nanofibers in the coaxial electrospinning process as the major role in fiber forming 
would be the shell solution used. Shown in Figure 5.17 is the nanofibrous 
morphology of coaxially electrospun PCL-r-fitcBSA/PEG, prepared under stable 
processing conditions: i.e., no dripping of droplet, formation of a stable Taylor cone 
at the exit orifice of the compound spinneret, and continuous jet ejection during the 
coaxial electrospinning. The SEM images illustrate that these nanofibers, despite 
produced from varied inner flow rates, possess a common feature of being bead-free, 
and randomly oriented.  
 
Measurement of the fiber diameters of PCL-r-fitcBSA/PEG indicates that alteration 
of inner flow rates from 0.2 to 0.6 ml/h resulted in a fiber size increase effect as 
shown in Figure 5.18. The flow rate correlated fiber size increase effect can be 
attributed to the extrudate swell effect of viscoelastic polymers in extrusion process, 
which is affected by factors such as extrusion rate, nozzle length, addition of stiffer 
fillers, temperature, etc. The swell effect would be simultaneously passed to the shell 
fluid by expanding the shell to a certain extent. This could consequently affect the 
stretching ability of jet in the instability development zone because the bending 
instability in the electrospinning is responsible for the formation of nano- or 





















Figure 5.17 Coaxially electrospun PCL-r-fitcBSA/PEG nanofibers prepared at 
inner flow rates of 0.2 ml/h (a, b), 0.4 ml/h (c,d), and 0.6 ml/h (e, f). 
The outer flow rate used remained at 1.8 ml/h in all cases. The magnification in the 







































































Figure 5.18 Size distributions of PCL-r-fitcBSA/PEG composite nanofibers 
prepared at different flow rates. The fiber diameters for samples 0.2, 0.4, and 0.6 are 
277 ± 140 nm, 330 ± 167 nm, 378 ± 149 nm, respectively. 
 
The blend type composite nanofibers of PCL/fitcBSA/PEG (i.e., samples M0.2, 
M0.4 and M0.6), were prepared from a normal electrospinning method and 
possessed same component ratio as that of PCL-r-fitcBSA/PEG. However, it was 
found they exhibited beaded fiber morphologies (Figure 5.19) although they were 
prepared under a stable processing condition. The measured fiber diameters of 
PCL/fitcBSA/PEG blend are slightly smaller than that of core-shell structured 
PCL-r-fitcBSA/PEG; however, the presence of larger beads would counteract the 
merits contributed from its smaller size such as surface area and mechanical 
performance. Random blending had compromised the resultant nanofiber 
morphology, suggesting that the non-electrospinnability of fitcBSA/PEG had a 




further demonstrated that coaxial electrospinning is of particular advantage for those 






Figure 5.19 Fiber morphologies of electrospun PCL/fitcBSA/PEG blend nanofibers, 
the M0.2, M0.4 and M0.6 possessed same composition ratios as that of samples 0.2, 
0.4, and 0.6, respectively. The fiber size for M0.2, M0.4 and M0.6 are 255 ± 86 nm, 
277 ± 87 m, and 291 ± 87 nm, respectively.   
 
5.4.3.2 Characterization of the encapsulation 
Several means to characterize the encapsulation effect were employed. First of all, 
under LCSM it was observed that all the PCL-r-fitcBSA/PEG composite nanofibers 
emitted fluorescence (Figure 5.20), suggesting the presence of fluoresces-labeled 
BSA protein in the coaxially electrospun nanofibers. Previously, presence of 
fluoresces was used to identify core-shell structure in microspheres with a large 
diameter of a few hundred microns [193]. However, since the fiber is of nanoscale in 
our present case, the detail nanostructure, in particular, of the inner component 











Figure 5.20 Laser confocal microphotographs of core-sheath PCL-r-fitcBSA/PEG 
composite fibers electrospun at inner flow rates of 0.2 ml/h (a), 0.4 ml/h (b), and 0.6 
ml/h (c). The outer flow rate used in all cases was 1.8 ml/h. 
 
TEM observation was used to provide direct evidence that fitcBSA/PEG was 
encapsulated inside the shell material of PCL (Figure 5.21). It can be seen that while 
the inner component was properly wrapped in the center of composite fibers of 
PCL-r-fitcBSA/PEG (Figure 5.21a), there are also cases of the irregular movement 
of inner component, as shown in Figure 5.21b, with obvious slanted portion very 
close to the fiber surface in the observed TEM segment. Additionally, we also found 
that the inner fluid seemed to affect the overall fiber morphology as in Figure 5.21c, 
with the size fluctuation of inner component along the fiber axis, the shell shape 
adjusted correspondingly. This would potentially disturb the stretching ability of the 
compounded jet during electrospinning process. The likely reasons to form the sharp 
boundaries are associated with the immiscibility of the two polymer fluids and very 
fast processing characteristic of electrospinning, which would prevent the two fluids 











Figure 5.21 Typical TEM images of coaxially electrospun PCL-r-fitcBSA/PEG 
nanofibers produced from varying inner flow rates of 0.2-0.6 mL/h and with outer 
flow rate of 1.8 mL/h: (a) core component properly located in the center, (b) 
irregular movement of core component, and (c) fluctuated fiber shape.  
 
Apart from those clearly observed core-shell fibers, during TEM observation of the 
coaxially electrospun PCL-r-fitcBSA/PEG, it was also noticed that quite a few fibers 
actually did not exhibit (or cannot see) a core in the fiber. We speculate two possible 
reasons are responsible for this phenomenon: 1) during the coaxial processing, as 
taken place in a normal electrospinning [195], there would appear sub-jets offshoot 
from shell fluid of the main compounded fluidic jet. This is true especially for those 
non-core smaller nanofibers (e.g., diameters < 100 nm). 2) It would have connection 
with the underlying mechanism of wrapping a core component inside the sheath 
during the coaxial electrospinning process.  
 
Both the Xia and the Yarin’s groups have proposed an entrainment mechanism [174, 





fluids upon charging would leave the liquid-liquid interface very rapidly and migrate 
to the outer free surface upon having high potential applied. The Maxwell stress 
would therefore stretch the outer fluid as in a normal electrospinning. The inner fluid 
would be entrained only by the viscous dragging-like stresses and/or contact friction 
in the inter-phase imposed from the rapid stretching of the shell fluid during coaxial 
electrospinning. Since the coaxial electrospinning is a dynamic process, factors such 
as flow rates of the inner and outer fluids, interfacial tension, and viscoelasticity of 
the two polymer fluids could affect the entrainment, and non-core fibers would be 
produced. It thereby suggests that an optimal processing condition seemed to exist 
where continuous core-shell structured composite nanofibers from the main jet can 
be produced. Existence of non-core fibers was also recently observed in Yu et al. 
work [179]. Obviously, coaxial electrospinning is far more sophisticated than a 
normal single fluid electrospinning. The complex electro-hydrodynamics involved 
are yet to be illustrated by more experimental and theoretical investigations [197].   
 
To further confirm the encapsulation of fitcBSA/PEG inside PCL nanofibers rather 
than exposed on the nanofiber surface, XPS analysis technique was similarly 
employed to examine the chemical characteristics on the surfaces of 
PCL-r-fitcBSA/PEG composite nanofibers. As expected, there are only C1s and O1s 
peaks present at binding energy of about 285 eV and 530 eV, respectively. The 
characteristic N1s peak of protein at 400 eV was absent in the spectrum (As the XPS 
















Figure 5.22 Burst release suppression by encapsulating of fitcBSA within the PCL 
nanofibers prepared by a coaxial electrospinning. 
 
Release performance differences between PCL-r-fitcBSA/PEG and 
PCL/fitcBSA/PEG were plotted in Figure 5.22 and compared based on same protein 
loadings. The release kinetics for all cases can be illustrated by two stages: an initial 
fast release before the inflexions (stage I) followed by a constant linear release (stage 
II). In stage I, there were initial burst releases from both composite nanofibers with 
averaged release amounts of 35.7% in 3h for PCL/fitcBSA/PEG and 31.2% in 4h for 
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than that of encapsulation formulation. After this initial burst release, released 
protein was approximately linearly increased (stage II) with PCL-r-fitcBSA/PEG 
being faster than that of PCL/fitcBSA/PEG. For stage II, if assuming the 
interceptions of the linear curves were associated to the burst release phenomena, it 
was found that the initial fast release in a period of two days for the composite 
nanofibers of PCL/fitcBSA/PEG blend accounts for 60-70%, as compared to 
45-65% for the core-sheath structured PCL-r-fitcBSA/PEG. Incorporation of BSA by 
blending-electrospinning is worse than that for the encapsulation mode. 
Encapsulation therefore would suppress the burst release. The suppression efficiency 
can simply be expressed by: 
0.6 or 0.4, 0.2,  i
100% X 
Y of onIntercepti





   (5.2) 
Based on equation (5.2), the suppression efficiency versus flow rate was plotted in 
Figure 5.22(D). The perfect linearity indicates the suppression efficacy is 
proportional to the loadings. This is understandable as smaller loading in terms of 
current blending formulation is almost equivalent to an encapsulation effect, while 
higher loading will be able to form channels for agent to release faster from the 
device. After the initial fast release, both formulations were able to release proteins 
at constant releasing rates. However, sustainability between both formulations is 
different. PCL/fitcBSA/PEG could not sustain a sufficient amount of release over a 




example, before reaching their common intersection points of the linear ranges, 
encapsulated release devices, i.e., the core-shell structured nanofibers can sustain a 
higher amount of releases of 27-35%. In contrast, the incorporated ones support 
merely about 10-20%. Our current study indicates that using core-sheath structured 
devices can apparently alleviate the initial burst release and improve the 
sustainability of nanofiber-based releasing devices. This conclusion is also in 
agreement with results obtained from other similar core-shell type configurations 
such as microspheres and fibers [193, 198-200].  
 
At end of the in vitro release study, both the PCL-r-fitcBSA/PEG and 
PCL/fitcBSA/PEG nanofibers were sampled for high resolution SEM observations. 
Interestingly, the fiber morphology of PCL/fitcBSA/PEG (Figure 5.23d, e, f) has 
changed to very rough and eroded-like with very obvious pits and/or cavities 
presented on these surfaces. The severity is obviously related to the incorporating 
amount of fitcBSA/PEG. Since the fitcBSA/PEG aggregates are water soluble, it is 
believed that the pits/cavities were formed from the dissolution of the fitcBSA/PEG 
aggregates presented on and in the fiber. However, this does not happen for the 
coaxial electrospun PCL-r-fitcBSA/PEG nanofibers. The only change, compared to 
its pristine form, is that the PCL-r-fitcBSA/PEG fibers became flattened and 
collapsed from previous cylindrical shape (Figure 5.23a, b, c). This may arise from 






















Figure 5.23 High resolution SEM images of fitcBSA contained PCL nanofibers after 
release 176 days for (a), (b), (c) which correspond to samples of 0.2, 0.4, and 0.6 
respectively; and 149 days for (d), (e) and (f) for samples of M0.2, M0.4 and M0.6 
respectively. The mass percentages of fitcBSA/PEG in these composite nanofibers 
are 8.6%, 15.8% and 21.9% with respect to samples of (0.2, M0.2), (0.4, M0.4) and 













The different post-release morphologies in both composite nanofibers would 
therefore relate to their respective distribution manners of the fitcBSA/PEG 
aggregates in the composite nanofibers due to different techniques used for nanofiber 
preparations, and consequently different delivery fashions or mechanisms during the 
in vitro releasing process 
 
The underlying mechanism of releases in both cases in our current release timescale 
was less likely to be governed by the polymer degradation. This is because the PCL 
polymer would withstand a very long time (2+ years) for it to be hydrolytically 
degraded. The possible mechanism will therefore be Fickian diffusion through the 
polymer matrix, and/or diffusion through pores in the matrix [201]. Based on the 
preceding release kinetics and post-release morphological observations, it would be 
relatively easy to understand the release mechanism of current PCL/fitcBSA/PEG 
blend formulation because it is similar to a monolithic release device [202], which is 
usually fabricated by dispersing the protein within a solid continuous matrix of 
polymer. The possible mechanism is as the protein/PEG aggregates presented on or 
adjacent to the nanofiber surfaces dissolve and diffuse out of the matrix, cavities 
consequently form and will permit the solvent front to penetrate to the aggregates 
located deeper within the matrix. The initial fast release by a simple dissolution and 
diffusion of fitcBSA/PEG in stage-I would be related to the drug release from the 
surface layers, to be followed by linear release in stage-II from the deeper regions of 




(e.g., the cases of M0.4 and M0.6), release becomes aggressively leaching or eroded 
–like, this is understandable from the Figs 5.23e, f if compared with the previous 
leaching resulted porous fiber morphology (Fig 4.12).   
 
Loading levels which affect the microstructure alterations in the monolithic 
dispersion systems have been theoretically described by percolation theory 
[203-205]. The loadings in this study is in the range of 9-22%, for the even higher 
loadings, for example up to 50%, the leaching actually provides a convenient means 
to prepare 3-D porous nanofibers with nanotopographical surface features and 
pronounced increase in surface area as demonstrated in section 4.3.  
 
Unlike PCL/fitcBSA/PEG, core-shell structured PCL-r-fitcBSA/PEG nanofibers 
belong to reservoir type release device, in which the drugs are encapsulated by a 
polymer shell (or coating) that would be able to regulate the rate of release. 
Reservoir devices have the advantages of providing a constant rate of release over a 
substantial portion of their lifetime and higher loading level of active agents than 
most of other systems [202]. However, reservoir release rate is also critically 
dependent on the shell (or coating) thickness, surface area, permeability, and defects 
such as thin spots and pinholes. 
 
The reason responsible for the release manner of current core-sheath nanofibers is 




diffusing out through the non-sealed cutting openings of the small circulars (∅8 mm) 
and the imperfects of core-sheath structure such as very thin shell to favor good 
permeability (Figure 5.21b), pinholes and shell failure (Figure 5.23a,b,c) to ease the 
diffusion. The burst release in the initial stage is also possibly associated with the 
usage of coencapsulation of PEG, which can be used to modulate the release rate 
[206]. PEG in current study was to stabilize the protein and increase the viscosity so 
as to stabilize the compound jets during coaxial electrospinning. Since PEG is a 
hydrophilic and water-soluble polymer, the protein in the fitcBSA/PEG aggregates 
will be released simultaneously as the PEG slowly dissolve in the buffer. However, 
inclusion of the relatively large amount of water soluble PEG in the core-sheath 
device would potentially give rise to osmotic effect to pump the inner agents out as 
the membranes were hydrated/wetted and water molecules penetrate into the core, 
causing dilution and swelling of the inner components to diffuse out rapidly [202]. 
Both the PCL-r-fitcBSA/PEG and PCL/fitcBSA/PEG nanofibers exhibited fast 
release phenomena in the initial 2 days. This is partially contributed by the very high 
surface-area to volume ratio of the nanofibrous membrane as high surface area 
would aid in mass transfer and efficient drug release [59, 207, 208]. Release device 
size plays important roles in controlling the initial release of the protein [209].  
 
Encapsulation by formation of core-sheath composite nanofibers will provide an 
alternative strategy for moderating the rate of drug release. Notably, it would be 




possibility of introducing fabrication related defects and higher surface area for mass 
transfer, and protective function for preserving the activity of the agents 
encapsulated. Although this work has not examined the protein integrity of the 
released BSA, it is expected that its structure released from PCL-r-fitcBSA/PEG 
formulation would remain or at least superior than the one from 
blend-electrospinning. This is because on the one hand many studies based on 
nanofibers prepared from electrospinning of drug and carrier blends have shown 
evidences that the chemical structure after electrospinning appears to be identical 
[191, 210], bioactive agents such as DNA after release was intact [189], and the drug 
functionality seems to be completely unaffected by the gentle electrospinning 
process [188]. On the other hand, the core-sheath structure and coaxially 
electrospinning itself apparently and substantially would reduce the possibility of 
bioactive agents contacting with or exposed to the organic solvents, which would 
protect proteins from loss of activity. This protective role would also work similarly 




Protein of fluoresce-labeled BSA along with PEG was encapsulated in the PCL 
nanofibers in the form of core-sheath structure by a coaxial electrospinning 
technique. Encapsulation was characterized by TEM, LCSM and XPS. For the 




fitcBSA/PEG/TFE solution from 0.2 ml/h, 0.4 ml/h to 0.6 ml/h led to the increase of 
overall fiber diameter of PCL-r-fitcBSA/PEG nanofibers from about 270 nm, 330 
nm to 380 nm, respectively. In vitro release study indicated that the core-shell 
structured nanofibers are capable of releasing the BSA protein continuously over a 
period of more than 5 months.  
 
Although there were initial fast release in the first 2 days in the protein encapsulated 
PCL nanofibers, using core-shell structure is able to suppress the burst release 
compared to nanofibers of fitcBSA/PEG/PCL blend. The suppression efficiency was 
loading dependent. SEM examination of post-release samples suggested the release 
kinetics could be diffusion controlled and are obviously related to the dispersion 
status of the proteins in the nanofibers. Present results provide basis for further 
design and optimization of processing conditions to control the nanostructure of 
core-sheath composite nanofibers in order to achieve highly sustainable and 
controllable protein-release kinetics for practical tissue engineering applications. In 
this regard, coaxial electrospinning should be a viable technique of coupling the 
structural integrity and functionalization in one nanofiber to ultimately fulfill the 












To address the inherent problems of poor wettability and/or hydrophilicity and poor 
cellular affinity existed in nanofibers made from conventional synthetic polyesteric 
polymers (e.g., PLA, PCL); we proposed to develop biomimetic and bioactive 
composite nanofibers by introducing hydrophilic and bioactive natural 
biomacromolecules into the synthetic ones through electrospinning technique. The 
polymers for making composite nanofibers were prepared in the form of random 
blending and core-sheath structure. Physical, mechanical and biological 
characterizations demonstrated that the developed composite nanofibers are 
hydrophilic and more bioactive compared to that of the synthetic alone. The key 
accomplishments of this project are summarized as follows: 
 
1. Gelatin has been successfully electrospun into nanofibers for the first time. 
Gt/TFE solutions with a concentration of 10-12.5% could produce Gt nanofibers 
with averaged fiber diameters less than 350 nm. Furthermore, the Gt nanofibers 
were crosslinked by exposing them in a saturated GTA vapor. Crosslinking 
tremendously improved the thermal and mechanical properties of gelatin 
nanofibers. Cytotoxicity test indicates that the GTA crosslinked fibrous scaffolds 
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could support the proliferation of human dermal fibroblasts. However, the initial 
inhibition of cell proliferation on the crosslinked gelatin fibrous scaffolds 
suggested some cytotoxic effect of the residual GTA on the cells.  
 
2. By blending gelatin with PCL, we developed a bioactive Gt/PCL composite 
nanofibrous scaffold. To our knowledge, this is the first attempt of blending both 
natural and sysntetic polymers into one composite nanofiber. Apart from 
achieving desired physical performance (e.g., improved wettability) in this 
composite nanofibrous structure, it was found that, compared to the synthetic 
PCL scaffold; the cells had very favorable interactions with this composite 
nanofibrous scaffold. Most importantly, other than cells attaching over the surface 
of electrospun fibrous scaffolds, deeper cellular infiltration into the electrospun 
Gt/PCL composite nanofibrous scaffold was observed. Furthermore, the concept 
of leaching was demonstrated workable on the composite nanofiber of Gt/PCL. 
Leaching resulted in the formation of 3-D porous structure with many irregular 
grooves, strips and elliptical pores presented on its surface and pores/cavities 
inside the fibers. BET surface area measurement indicated that such porous 
structure can contribute a substantial increase on the accessible surface area as 
compared to its pristine form. The formation of 3-D porous fibers had provided 
evidence to interpret the favorable interaction between the cells and Gt/PCL 
nanofibrous scaffolds.  
 
3. Novel core-sheath structured composite nanofibers were developed from coaxial 
electrospinning of electrospinnable fluids and non-electrospinnable (inner) fluid 
intended to be encapsulated by an electrospinnable shell polymer solution. Direct 
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TEM observation and indirect XPS analysis provide effective characterization 
means to identify the encapsulation effect. It was also found that by varying the 
concentration of the inner dope of gelatin/TFE from 7.5 to 15w/v %, nanofiber 
size increased accordingly. However, varying the inner flow rate for a 
nonviscoelastic fluid of FePt/hexane, there was no noticeable changes in the fiber 
diameter.  
 
4. With collagen as the shell and PCL as the core, we further demonstrated the 
feasibility and efficacy of using this type of composite nanofibers for improving 
cell-scaffold interactions in tissue engineering applications. Our results indicated 
that core-sheath Collagen-r-PCL composite nanofibers seemed to resemble the 
natural ECM than either the rough collagen coated or the pristine PCL nanofibers. 
Therefore, cells have more propensities to interact well with the former than the 
latters, suggesting a greater ability of using biomimetic nanofibers to construct 
cell-scaffold complex for engineering tissues. Although it seemed the smaller 
‘pores’ laced from random arrayed nanofibers would possibly inhibit cellular 
ingrowth, both the Gt/PCL blend nanofibrous scaffolds and core-sheath structured 
collagen-r-PCL composite nanofibers were found to encourage cellular 
proliferation and infiltration, suggesting a good cell-scaffold integration. It is 
believed the good hydrophilicity, biochemically amicable to cells, and physically 
matched mechanical properties possessed in these biomimetic composite 
nanofibers are essentially responsible for the favorable cellular responses.  
 
5. In the release study, protein of fluoresce-labeled BSA along with PEG had been 
successfully encapsulated in the PCL nanofibers and characterized by TEM, 
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LCSM and XPS. It was found that varying inner flow rate of fitcBSA/PEG/TFE 
solution from 0.2 mL/h, 0.4 mL/h to 0.6 mL/h led to increase in overall fiber 
diameters of PCL-r-fitcBSA/PEG nanofibers from about 270 nm, 330 nm to 380 
nm, respectively. In vitro release study indicated the core-shell structured 
nanofibers are capable of releasing the BSA protein continuously over a period of 
more than 5 months. Compared to the nanofibers of fitcBSA/PEG/PCL blend, 
core-shell structured PCL-r-fitcBSA/PEG nanofibers could obviously suppress 
the burst release. The suppression efficiency was loading dependent. SEM 
examinations of post-release samples suggested that the release kinetics is 
diffusion controlled but are obviously related to the dispersion status of the 
proteins in the nanofibers. Present results provide basis for further design and 
optimization of processing conditions to control the nanostructure of core-sheath 
composite nanofibers in order to achieve highly sustainable and controllable 
protein-release kinetics in practical tissue engineering applications. In this regard, 
coaxial electrospinning should be a viable technique of coupling the structural 
integrity and functionalization in one nanofiber to ultimately fulfill the success of 
nanofibers as tissue engineering scaffolds. 
 
Overall, two different biomimetic composite nanofibers in the form of blending and 
core-sheath structure had been successfully fabricated via the electrospinning 
technology. Physical, mechanical, chemical and biological characterizations 
performed suggested the applicability of these biomimetic composite nanofibers as 
scaffolding elements for tissue engineering applications. Moreover, the 
electrospinning both natural with synthetic polymers together provides a feasible and 
effective approach to make biomimicking and bioactive nanofibrous scaffolds. The 
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concept of combining synthetic materials with cell-recognition sites of naturally 





In Chapter 3, electrospun gelatin nanofibers had been successfully crosslinked with a 
GTA vapor method. In the future, it will be desirable to use other crosslinking 
techniques to replace current GTA method because: 1) GTA vapor crosslinking in a 
moist environment would result in bonding between fiber junctions. Although this has 
led to water-insoluble and improved mechanical and thermal properties, it would 
potentially limit cellular ingrowth with the bonded fiber structure; and 2) as 
demonstrated with a cellular proliferation study, GTA would possess potential toxic 
effect to the cells.  
 
In Chapter 4, electrospinnability and cellular responses had been evaluated based on 
the composite nanofibers Gt/PCL at a blending ratio of 1:1. For optimization purpose 
in terms of pore morphology, porosity, relevant mechanical properties and cellular 
activities, different formulation ratios between gelatin and PCL can be further 
investigated. This is also the case for the formation of 3-D porous fibers. Furthermore, 
from our preliminary results from an animal wound healing test, Gt/PCL matrix 
seeded with animal cells in a larger biomimetic nanofibrous matrices can be prepared 





In Chapter 5, coaxial electrospinning is able to create interesting compound nanofiber 
structures, but the complex electrohydrodynamics involved in the coaxial 
electrospinning are yet to be investigated. Detailed knowledge of how the processing 
parameters like flow rate, electrical field, and viscosity, affect the fiber morphology of 
the resultant composite fiber need further study. Based on the results in sustained 
release of fitcBSA, encapsulation of growth factors can be prepared to assess, in a 
basic cell culture work, both the release characteristics and the regulating roles on 
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